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PREFACE 

IT seems rather remarkable that no treatise should be extant 
in our own language on such an impoitant subject as valency. 
Nor is the German literature m a much better position, for 
it contains but one monograph on the subject, written by 
Dr F. Willy Hmrichsen in 1902. This, though excellent, 
can scaiccly be regarded as exhaustive. Moreover, during the 
past six years much new material has been collected, and calls 
for rearrangement and discussion. 

Perhaps this lack of systematic treatment of the subject 

.s to be ascribed to the difficulty of reconciling any theory 

Df valency with the facts of inorganic chemistry. Bui the 

remarkable success which has attended our application of the 

heory to the study of organic chemistry may be regarded 

is a guarantee that we are on the right track, and should serve 

o stimulate us, rather than otherwise, in our attempts to 

perfect our theory. It has been my endeavour in the present 

volume to present to the reader a concise account of the 

nore important theories of chemical combination, which have 

;xercised the minds of scientific men down to the present day. 

The determination of the numerical value of the valencies 

)f the elements is not always easy. The Periodic Classifi- 

ation, however, frequently gives us help in this direction, and 

las therefore received full treatment in the text. Some of my 

eaders may be surprised that Dulong and Petit's Law of 

Specific Heats has not been discussed. The answer is, that, 

F the atomic weights of the elements are deduced by the help 
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of this law, their valencies can be determined by reference 
to the Periodic Table. Further, it must be borne in mind 
that the law is at best only an approximation to the truth, and 
that it usually fails, as in the case of glucinum, just when we 
require its assistance most. Finally, it is desirable in any 
series of text-books to avoid overlapping, and, for a full treat- 
ment of our knowledge of the specific heats of the elements, 
the reader is referred to the volume on " The Relation between 
Chemical Constitution and Physical Properties," by Dr. Samuel 
Smiles (this Series). 

A complete treatise, on the theory of valency might also be 
expected to include a thorough study of stereoisomensm. 
But this branch of chemistry has been extended within recent 
years to such an enormous degree, that whole books are 
devoted to its treatment alone I have, therefore, contented 
myself with referring to the subject in just sufficient detail 
to give an idea of the supposed configuration of certain 
atoms, and the directions in which their valencies are believed 
to act. For further details the readei is recommended to 
consult Dr. Stewart's volume entitled " Stereochemistry " (this 
Senes). 

The elements have been studied m the order in which they 
occur in the Periodic Table, with the single exception of 
carbon, whose importance seemed to justify its inclusion in 
a separate chapter earlier in the work. 

The nomenclature adopted is substantially the same as 
that used by the Chemical Society (London), and I would 
here gratefully acknowledge the kind assistance rendered to 
me by Dr. J C Cain, who carefully read through the proof- 
sheets with a view to checking the nomenclature. It -will be 
observed that I have uniformly employed the Greek prefixes, 
mono-, di-, tri-, etc., although the formation of such hybrids as 
monovalent, monomolecular, etc., is the inevitable result It 
seems to me that more is gained by securing uniformity in 
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prt'fives, than is lost bv the introduction ol a tow additional 
hybrids. 

\h my HMdcrtj will have obseived, UK* \\urds valtncy and 
i-i/Xf/warc used synonymously by many writers 1 have found 
it advantageous to distinguish between the two terms. Whilst 
tin- foiincr is given it.s usual meaning, namely, the power 
possessed l)y atom.s generally to combine with one another, 
tin latter is di-liiu'd as the actual force or bond effecting that 
union. Thus, hydrogen may he said to possess a single 
valence, because its valency is unity. 

It KS hoped that the numi'ious references in the te\t will 
bo of assistance to tin- student, by putting him in touch with 
llu- nion; impoitant papers dealing with the subjects tinder 
discussion. Thr abbn'viatinns art' practically identical with 
tluv.c ust'd by tin.- Clicmic.d SDC u-iy. I bt'lievu that all sources 
from \\lmh infumiatiim has ba-n derived are duly acknow- 
in ibi- U'M, with the single exception of Meyer's 
cbtf del I'lu'iuu 1 ," which was iised Ireely in the prc- 
ol Chapter 11. 

Tu Sn \\ dliam Ramsay my liest thanks are due for reading 
through this woik in manuscript, and for making several useful 
suggestions. I \\ould also tender my vciy heartiest thanks to 
Mr. William Turner, M.He., who ha.s not only assisted in the 
rom-rtion of tin- proof-sheets, but has checked the majority 
of the ri'fcivncus to original papcrx. 

J. N. V. 
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THE THEORY OF VALENCY 



LAVOISIER, DALTON, AND BERZELIUS 

INCREASE in knowledge necessitates change of ideas. The old 
theories which were suggested by the ancients to account for 
the phenomena of nature have been gradually discarded as 
their insufficiency became realized, and out of their ruins have 
sprung up the various hypotheses, theories, and laws, which 
engage our attention to-day. Thus it was that the theory of 
valency was not suddenly sprung upon chemists without any 
warning. It was the natural result of gradual growth. 

In order to trace its history, therefore, we have to go back 
to the time of Lavoisier (1743-1794) To this eminent 
chemist belongs the honour of having struck the death-blow 
to the theory of phlogiston, which lay at the base of all the 
chemical thought and speculation of his day. It was Lavoisier 
who, following the example of Black, urged upon chemists the 
necessity of using the balance, and of studying chemical 
problems not merely qualitatively, but quantitatively also. 

The Laws of Combustion which he established may be 
cited as follows : 1 

1. Bodies burn only in pure air. 

2. The air is used up during combustion, and the increase 

m weight of the combustible substance is equal to 
the loss in weight of the air. 

3. Combustible bodies are usually converted into acids by 

combining with the air. Metals, on the other hand, 
yield metal calces (basic oxtdes). 

1 Oeuvres II. 226 " Mf moire sur la combustion en g&niral " 
T. P. C. i B 
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In these laws we see the first step towards a theory of 
definite chemical composition The way was being paved foi 
the reception of new ideas, so soon to be introduced by John 
Dalton (1766-1844). 

In 1808, th whole world of chemical thought was revolu- 
tionized by the appearance of a book entitled A Mw System 
of Chemical Philosophy, from the pen of John Ballon. In 
it, the author propounded the famous Atomic Theory, 1 with 
which his name is inseparably associated. 

Not that Dalton was the first to propose an Atomic Theory 
of matter. No one has ever seriously urged this on Ins behalf. 
That matter was composed of minute, indivisible masses had 
been long maintained by the philosophers of Rome and 
Greece. Democntus, 2 some 2300 years before Dalton, had 
suggested the atomic hypothesis as opposed to the alternative 
suggestion that matter could be divided up indefinitely. 

Dalton's great ment lay in explaining the facts of chemical 
combination by means of atoms. 

His theory may be stated concisely as follows : 

1. Every element is composed of homogeneous atoms, 

whose weight is constant. 

2. Chemical compounds are formed by the union of 

atoms of different elements in the simplest numerical 
proportions. 
In order to indicate the composition of chemical substances, 

1 The way m which Dalton was led to the conception of his atomic 
theory does not concern us here. Until quite recently it was believed that 
he first discovered the Law of Multiple Proportions, and that the atomic 
theory was the outcome of an attempt to explain it. In 1896, however 
Roscoe and Harden published a pamphlet entitled A New View of the 
Ongtn of Dalian's Atomic Theory, in which evidence is adduced to show 
that such was not the case It appears that the theory existed in Dalton's 
mind as a preconceived notion, and that experiment was resorted to in 
order to verify it A very clear statement of the whole case is given by 
J. P Millington m his book entitled John Dalton, 1906, Chapters VII. 
and VIII. See also Avogadro and Dalton, by A. N. Meldrum, 1904 

1 An interesting discussion as to the originator of the theory of atome 
appeared in Nature, 1908, February 13, p. 345 ; February 20, p. 368 ; 
March 26, p. 486 ; and April 9, p 54!. See also Freund, The Study of 
Chemical Comfosttton, 1904, Chapter IX. 
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Dalton introduced a system of nomenclatuie. Thub w*' 
ratten in his laboratory notebook the following entry, i 
September 6th, 1803 . 



"CHARACTERS OF ELEMENTS. 

O Hydrogen. 

Oxygen. 

Azote. 

Q Carbone, pure charcoal 

Sulphur." 

The composition of compounds was therefore written a 1 . 
Dllows : 

Water O0 

Ammonia 0Q 

Nitrous oxide 0O0 

Carbonic acid 
nd so on. 

It is interesting to note that a few years later, Dull* in, 
ccidentally or otherwise, interchanged the symbols for oxygen 
nd hydrogen, thus . 

Oxygen Q 
Hydrogen 

Fortunately, about this time, namely in iSir, Bcr/cliu 1 . ' 
itroduced another system of chemical nomenclature, wliii'h 
revented the cumbersome invention of Dalton from coining 
ito general use. This consisted in using the first lutttT or 
tters of the name of the element sometimes the mcxlt-rii, 
id sometimes the Latin. A small number placed below the 
tter indicated the number of atoms of that clement preHtjnt 
a molecule of the compound. Thus water was expressed 
7 the formula HgO, and marsh gas by CH a . 

Curiously enough Dalton 3 could never be brought to rcali/.t: 
at the symbols of Berzelius were far more simple than hid 
TO, Writing to Graham in 1837, he says 

1 Berzelius, jfourtt. de Physique, 78, 257. 

* See John Dalton and the Rise of Modern Chemistry ^ Rostcoe, 
148. 
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"Berzelms's symbols are horrifying a young student in 
chemistry might as soon learn Hebrew as make himself acquainted 
with them They appear like a chaos of atoms . - and to 
equally perplex the adepts of science, to discourage the learner, as 
well as to cloud the beauty and simplicity of the Atomic Theory." 

But Dalton stood alone. No chemist was blind to the 
disadvantages of his cumbersome system. Every one realized 
that the great founder of the Atomic Theory had assumed an 
untenable position. The fact that the Beizehan system of 
nomenclature is at the present time in general use, forms no 
small tribute to its simplicity, and to the genius of its inventor 

Were Dalton alive to-day, and confronted with the task 
of representing the composition of bodies like indigo and the 
alums by his unwieldy method, there can be no doubt that 
he, too, would be led to acknowledge the superiority of the 
Berzehan system 



II 

EARLY THEORIES OF CJHEMICAL COMBINATION 

r seems at first sight very remarkable that chemists were 
ot led to a conception of valency by the enunciation of 
)aUon's Law of Multiple Proportions, supported as this 
as by Wollabton's * substitution of empirically determined 
mwaknts for Dalton's hypothetical atomic weights. Although 
was now known that compounds were formed by the union 
f atoms of diffeient elements in varying proportions, the idea 
lat the individual atoms possessed a definite attractive force 
as seemingly never entertained 

After Nicholson and Carlisle had, on May and, 1800, 
erformed their famous experiment of the decomposition of 
ater by the electric current, the close connection between 
lemical affinity and electrical force began to be realized, 
his was made still more evident by the experiments of Henry, 
ho effected the decomposition of nitric and sulphuric acids 
y similar means. Three years later, namely in 1803, 
er-selius and Hismger discovered that, by means of the 
Altaic current, the elements of water, and the acids and bases 
" neutral salts, could be separated. In 1805, Brugnatelli 
jserved the electric deposition of gold upon silver, when 
e former was made the negative pole in a solution of 
ammonmret of gold." Finally Sir Humphry Davy, on 
ctober 6th, 1807, effected the electrolytic decomposition of 
)tash and soda, with the liberation of their respective 
etals, by a current from a battery of 274 cells. 

Ritter, in his work entitled Elektnsches System, adduced 

1 Wollaston, PAH. Trans, Roy. Soc. t 1814, 104, I. 
5 
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evidence to show that electricity results from chemical decom- 
position, and as this is the necessary complement of electrolysis, 
it is clear that the way was being paved for the formation of 
an electro-chemical theory of chemical combination. 

Davy l proposed one such It was charactenzed by the 
supposition that the small particles of substances, which have 
an affinity for one another, become oppositely electrified only 
upon contact. 

In i8i2 3 Berzelius 3 enunciated his famous Duahstic 
Theory. Volta had arranged the metals according to the 
electric tension which he had found them to exhibit after 
contact with each other Those melals which admit of easy 
oxidation constituted the positive end of the series, and those 
with a small affinity for oxygen, the negative end. This faculty 
of exciting each other electrically was not confined by Berzehus 
to the metals, but was attributed to all the other elements to 
a greater or less degree. At the extreme positive end of the 
series were placed the newly discovered alkali metals At 
the negative end oxygen and the halogens found a place 
Each atom was assumed to possess two poles of opposite 
sign, but the amount of electricity was not the same on each. 
Hence the element derived its character from the stronger pole 
This explains very readily many simple reactions, such, for 
example, as those involved in the oxidation of the metals. 
In the case of copper we have 

Cu + 6 = CuO. 

Since copper oxide possesses basic properties, it was assumed 
that the positive charge on the copper exceeded the negative 
charge on the oxygen, so that the resulting copper oxide is 
slightly charged with an excess of positive electiicity. A 
similar explanation served to account for the negative charge 
on the group S0 a> for it was attributed to the excess of 

1 Davy, P/n/. Trans., 1807, p. * ; see also Chapter XIX. 

2 Berzehus, Schwetggtr's /ourtt., 6, 119 His Versuch uber die Tfieorte 
der chemachsn JProportunen und tiler die chemtschen Wirkungen. der 
Elektrtatat appeared first in 1814 m Swedish, in 1819 in French, and in 
1820 in German (Dresden). 
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negative electricity supplied by the three oxygen atoms over 
that required to neutralize the positive possessed by the 
sulphur. It was therefore to be expected that copper oxide 
and sulphur tn-oxide would combine to form a very stable 
salt. Thus : 

CuO + SO 3 = CuSO d . 

Berzehus frequently drew attention to the fact that certain 
elements exhibit positive polarity with regard to some atoms, 
and negative polanty with regard to others. For example, in 
its oxides, sulphur is positive to oxygen, but in its hydride it 
is negative to hydrogen. Oxygen, however, was regarded as 
a typically negative element, for it was not known to act 
positively to any other element. But the strictly dualistic view 
cannot be reconciled with the fact that hydrogen and oxygen 
combine to yield water Thus . 

2H 3 + Oj = 3H 2 O. 

Since the compound natures of the hydrogen and oxygen 
molecules could only be due to the fact that the constituent 
atoms possessed different chaiges, it is difficult to see how the 
two resulting molecules of water can be identical in every 
respect Yet experiment shows that such is the case. Further, 
Faraday proved that the same quantity of electricity passing 
through an electrolyte always sets free, or transfers to other 
combinations, the same number of units of affinity at both 
electrodes. Thus, for each atom of oxygen set free at the 
positive electrode, two atoms of hydrogen are formed at the 
negative; or one atom of copper (from a cupric salt). In other 
words, the quantity of electricity required is independent of the 
degree of affinity a fact which is fatal to the Berzelian theory. 
Finally, Daniell pointed out that, when copper sulphate is 
electrolysed, it is split up into Cu(+) and SOj( ) ions, and 
not into CuO(+) arid SO B ( ) as the dualistic theory would 
lead us to expect. 1 

We may now pass on to consider the application of the 

1 See Lehfeldt's JSltctiochemutry (this series), p. 26 et seq. 
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Berzehan theory to organic chemistry, which was then in its 
infancy. 

Wohler's remarkable synthesis of urea from ammonium 
cyanate showed that two compounds could exist having the 
same chemical composition, and yet possessed of totally dis- 
tinct properties 1 Other examples were speedily discovered. 
Berzelms 3 himself proved that racemic acid has the same 
composition as tartanc acid. To explain this, he assumed 
that the atoms were arranged differently in the two compounds, 
or tsomers, as he termed them. Not that he had conceived a 
spatial arrangement such as that which has led to the construc- 
tion of that vast branch of science known to-day as stereo- 
chemistry. Berzehus regarded the composition of these 
bodies from the point of view of radicles, and, together with 
Liebig, he was led in this way to play an important part in 
the development of the Older Theory of Radicles. 

The origin of the theory of radicles lay in the discovery 
that cyanogen, besides being known in the free state, acted 
like a single element when combined with other groups. It 
was thought that other radicles might therefore exist, and 
that organic bodies owed their properties to die possession 
of these. Wohler and LiebigV classical research on the 
radicle of benzoic acid lent strong support to this view. 
These investigators proved that a radicle, which they termed 
benzoyl t and to which the formula C u H 10 O a was assigned, was 
present in benzoic acid, benzoyl chloride and bromide, ben^a- 
nude, benzoic ether, and benzoyl sulphide 

Berzehus, as we have already remarked, was a strong 
supporter of this radicle theory, in so far as it did not interfere 
with his dualistic notions. He insisted on the necessity of 
assuming a binary structure for all organic bodies, just as for 

1 This was not the first case of isoniensm to be discovered. Some five 
years previously, namely ID 1823, Liebig drew attention to the fact that 
silver fulminate and silver cyanate possess the same qualitative and quanti- 
tative composition. The above example of urea and ammonium cyanate is 
quoted, however, on account of its being best known. 

8 Berzelius )i /irj5rr0., 1832, 11,44. 

1 Wohler and Liebig, Attnalen, 1832, 3, 249 ; see also ibid , 1838, 25, 
I , Ostwald's Klassiker, Nr. 22. 
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inorganic. 1 He denied, however, the possibility of oxygen 
being a constituent of a radicle, for this element was regarded 
by him as electro-negative, and incapable of functioning in any 
other capacity. 2 Benzoyl was explained as the oxide of the 
complex C u Hio, the peroxide of this being anhydrous benzoic 
acid 

Whilst Berzelius was inclined to the opinion that radicles 
were unalterable, LiebigV views were broader. In 1838, he 
mentioned three characteristics by which a radicle may be 
distinguished . 

i It is the unchanging constituent of a series of compounds 

2. It can be replaced by simple substances. 

3 When combined with a single element the latter can be 
exchanged for its equivalent of another element. 

These views gave an enormous impetus to the study of 
organic chemistry. The famous researches of Bunsen 4 on the 
cacodyl compounds, begun in 1839, were a direct outcome of 
them, and have since been classed with the work of Gay 
Lussac on cyanogen, and of Wohler and Liebig on the benzoyl 
radicle, as the pillars of the radicle theory. 

In 1834, Dumas, 6 after a study of the reactions involved in 
the production of chloral from alcohol, drew up two empirical 
Laws of Substitution. These may be expressed as follows 

1. When a compound containing hydrogen is exposed to 

the action of chlorine, bromine, or iodine, it takes up 
an equal volume of the halogen for each atom of 
hydrogen displaced. 

2. If the compound contains water, it loses the hydrogen 

of this without displacement. 
Laurent 6 went a step further and suggested what is known 

1 IBerzuhus, //#, 1833, IB, 190. 

8 It is true that, for a short time immediately succeeding the discovery 
by Wohler and Liebig of the benzoyl radicle, Berzelius discarded his 
idea that oxygen could not be a constituent of a radicle. But he reverted 
to his old assumption again soon after. 

3 Liebig, Annalett, 1838, 25, 3. 

* Bunsen, Ann. Chem. PAarfft., 81, 175 i 3?, i ; 42, 14 j 46, i. 

' Daunas, Ann. Chim. PAys., 1834, (2) fi6, 113 and 140. 

9 Laurent, Ann. Chmi. PAys., (2), 80, 223 , 61, 125 , 66, 326. 
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as the Substitution Theory, which hinged on the doctrine that 
the structure and chemical character of organic compounds 
are not materially altered by the entrance of chlorine and the 
separation of hydrogen. 

Although Dumas warmly opposed these views he was led 
to suggest his Theory of Types, 1 which in some respects 
resembled the substitution theory of Laurent. According to 
Dumas 

Every chemical compound forms a complete wfiole. Its 
chemical nature depends primarily on the arrangement and 
number of tJie constituent atoms ; and to a lesser degree on their 
chemical natuie. 

This was in direct opposition to the Berzelian duahstic 
theory. As might be expected, Berzelms defended himself 
vigorously, but his theory was incompatible with the dis- 
coveries of Dumas, and chemists were compelled to abandon 
it. He, alone, stood by it to the last. 

In 1839, Gerhardt 2 propounded his Theory of Residues 
By residues he understood atomic complexes which remain 
over from the interaction of two compounds, as the result of 
the stronger affinity of certain elements for one another, and 
which combine together because they cannot exist separately. 
His views, however, were considerably modified by the 
researches of Wurtz, 3 and Hofmann,* on the organic ammo- 
nium compounds, and of Williamson B and Chancel 6 on the 
ethers. 

In 1856, Gerhardt 7 enunciated his new Theory of Types. 
By means of this theory he was able to arrange organic 
compounds according to four types, namely, ammonia, water, 
hydrogen, and hydrochloric acid. 

' 1 Dumas, Ann Chini Phys , 33, 179 and 259 
* * Gerhardt, Ann. C/um PAys., 1839, (2) 72, 184. 

3 Wurtz, Compt rend , 1849, 28, 223 ; Ann Chun. Phys., (3) 30, 498. 

* Hofmann, Annalm, 1850, 74, 174 

8 Williamson, Annalot, 1851, 77, 33 ; 81, 73 

Chancel, Compt rend,, 81, 521. 

7 Gerhardt, Ann Cfwn Phys, 1856, (3) 87, 331 Tratti de C/uae, 
1856,17 568. 
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The following examples will serve to illustrate the classifi- 
cation . 

i The Ammonia type 

HI CH/i 

HVN H 

Hj ' H 

Ammonia. Methylammc Acetumide. 



t j. 

HN V IN 
J H J 



C a H 



C a H 
Tn-ethyl phosphme. 



2 The Water type. 

H) Q CH^ Q 

H/ U H/ U 

Water. Methyl alcohol. 

3. The Hydrogen type 
H 



Acetic anhydride 



H 

Aldehyde. 



Hi 
H/ 



CH,i 
H / 



C 2 H 



4. The Hydrochloric acid type. 

H^ QHU' QHo 

ci; en CN / 

These views underwent alteration at the hands of 
Williamson and others, who assumed the existence of mixed 
types. Thus, ben/enesulphonic acid was written as . 
C Q H,J 



so 







referred to 



and carbamic acid as 

H 
H 
CO) 



N 
O 



referred to 



H 

H 
H 



N 



KekuleV in 1857, introduced a fifth type, namely that of 
marsh gas, and illustrated it by the following examples : 



Hi 


H 


H 


1 H ' 


H 
H 


r H 
*-" H 


C C1 
3 Cl 


' H 

'^ H 


Q, 


HJ 


Cl 


Cl 


\ CN 




Marsh gas. Methyl chloride. Chloroform. Acetanitrile. 



1 KekuH, Annaleit, 1857, 101, 200. 
1897. 



Sec KekuU Mem, Lecture, Japp, 
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In Gerhardfs theory of types we see the germ of a 
theory of valency. In a paper communicated to the 
Chemical Gazette in 1851, and afterwards reprinted m full in 
the Transactions of tte Chemical Society? Williamson pointed 
out that certain compound radicles, like N0 a , can replace one 
atom of hydrogen in a molecule of water, and thus give rise to 
a monobasic acid, thus 

H.OH -> NO 2 .OH, 

whilst otheis, like S0 2 , can replace two atoms of hydrogen in 
two molecules of water, yielding a dibasic acid, thus 

H.OH -^qn- OH 

H.OH - "^ bUa OH 

From this it is clear that Williamson realized that radicles 
or groups possess a definite attractive or expulsive force. 

Since the fall of the dualistic theory of Berzehus, chemists 
had given but little attention to the older theory of radicles. 
Kolbe now revived this idea, and stripping it of all the 
untenable assumptions with which Berzehus had clothed it, he 
was able to put new life into it. The main result of Kolbe's 
theorizing may be expressed in the following terms . 

" Organic compounds are all derivatives of inorganic, and 
result from the latter by exceedmgly simple substi- 
tution processes." 

Thus, 2 the alcohols, ketones, aldehydes, and carboxylic acids 
were derived from carbonic acid, (C a O 3 )0 3J and its hydrate, 
OHO 



It is interesting in this connection to note the views ad- 
vanced by Crum Brown, 3 in 1861, which take an intermediate 
position between Gerhardt's theory of types, and Frankland's 
theory of valency. The author points out that all the four 
types of Gerhardt may be brought under that of hydrogen, 

TT 

U, where n is a whole number The molecule of hydrogen 

1 Williamson, Trails. Cheni. Sac., 1852, 4, 350. 
1 See Kolbe, Antialen, 113, 293 

3 Crum Brown, On t?u Theory of Chemical Combination^ 1861, first 
published in March, 1879, Edinburgh. 
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may be regarded as composed of two atoms connected 
together by a single line of force, thus : 



A molecule of water belongs either to the single or double 
hydrogen type according as we write it as 





or 



where n equals i and 2 respectively Similarly ammonia, 
NH a , may be regarded as belonging to the single, double, or 
treble hydrogen type, thus : 

] NH a f NH f N 

1 H 1 H a 1 H 3 

where n equals i, 2, and 3 respectively. It will be observed 
that the numerical value of n is the same as that of the 
number of lines of force joining the atoms together. In 
those schemes where n is a maximum its value is given by 
half the sum of the valencies of the atoms composing the 
molecule. It is easy to see that by extending these views, 
even complex organic bodies may be represented according to 
the simple or multiple hydrogen type. Thus m ethyl alcohol, 1 
QHeO, n is equal to 8, and the molecule may be represented 

TT 

by the scheme 8jr . 

Although these different theories contained an element of 
truth, they were yet wide of the mark. It was reserved for 
Frankland to clear away the majority of these misconceptions 
by giving expression to a definite theory of atomic attractive 
force, now known as valency. In the next chapter we shall 
show how he was led to conceive such a brilliant idea. 

1 See also Crtun Brown, Trans. Chem. Soc., 1865, 18, 330 ; Proc. Roy. 
Soc. Edin>> 1866, 5, pp. 429 and 561. 
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THE THEORY OF VALENCY 

WE have already seen in the preceding chapter that it was 
reserved for Frankland to add the finishing touches to the 
theories of chemical combination, by giving expression to 
the idea of a definite atomic attractive force, now known as 
valency. 

In 1852, Franldand published his classical paper in the 
Philosophical Transactions, entitled A New Senes of Organic 
Compounds containing Metals. In this a detailed account was 
given of his researches on the organic derivatives of arsenic, 
antimony, zinc, tin, and mercury. Frankland then proceeded 
to show that individual atoms, as distinct from groups, possess 
a definite power of entering into chemical combination. 

Since this observation is one of such fundamental import- 
ance, Frankland's own words may be quoted . 

"When the formulas of inorganic chemical compounds are 
considered, even the superficial observer is struck with the general 
symmetry of their constitution ; the compounds of nitrogen, 
phosphorus, antimony, and arsenic especially exhibit the tendency 
of these elements to form compounds containing 3 or 5 equivalents 
of other elements, and it is in these proportions^that their affinities 
are best satisfied ; thus in the ternal group we have NO B , NH 8 , 
NI a , NS 8 , PO S , PH 8 , PCI,, SbO s , SbH 3 , SbCl a , AsO 8) AsH,, AsCl a , 
etc. ; and in the five-atom group NO ff , NH 4 O, NH 4 I, PO a , PH 4 I, 
etc. Without offering any hypothesis regarding the cause of this 
symmetrical grouping of atoms, it is sufficiently evident, from the 
examples just given, that such a tendency or law prevails, and 
that, no matter what the character of the uniting atoms may 
be, the combining power of the attracting element, if I may be 

1 See also Annefa^ 1853, 85, 329, 
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allowed the term, is always sitislied by the same number ot these 
atoms." 

That these ideas of Frankland were only slowly accepted 
by chemists is shown by Qdling's ' paper On the Constitution 
of Acids and Salts. The observations reeoided are explained 
according to the Theory of Types. Odlmg argued that salts 
and acids, especially such as contain oxygen, may be referred 
to the simple 01 multiple water type, in such a way that the 
hydrogen of the latter is partially or completely substituted by 
elementary or compound radicles of definite replaceable value. 
Again, in the publications of Wurtz u and Gerhardt," the satu- 
uitiun capacity of the nitrogen atom was discussed, although 
Krankland had given expression to similar views some three 
years previously. No doubt an explanation for this may be 
found in the fact that Frankland had employed Gmelin's 
equivalents, a procedure which did not impress the adherents 
of the type theory with the value of his work, to the extent 
to which it might otherwise have done. 

In 1858 two papers appeared simultaneously, by Couper 4 
and Kekule," in which Frankland's views were enlarged, and the 
theory of valency was placed on a firm foundation. Couper 
rejected the type theory entirely, and constructed formula; for 
various compounds by applying his knowledge of the valencies 
of the constituent atoms. Had he employed the same atomic 
weights ns we do to-day, namely, C = 12 and O = 16, his 
tormuku \\ould in many cases have been the same as are still 
m vogui 1 Ho had, however, peculiar views of his own. Whilst 
the atomic weight ot carbon was icgarded as 12, that of oxygen 
was taken as 8. Caibon was a tetrad, and oxygen a diad. 
Since, however, the atoms of the latter were supposed to be 
always linked in pairs, thus 0....0, this group was diadic, 
and was therefore practically identical with our present 

1 Odhng, Trans. Ctom. SM,, 1854, V, I. . 

Wurtz, Ann. Chtm. Phys., 1855, (3) 48, 493. 

3 Gcrhordt, Traitt tfe Cfamu, 1856, iv, 595 and 602. 

* Couper, Ann. Cbm, Pkys. t 1858, (3), 88, 469 ; Cumjit, rend, t 1858, 
46, 1157 j English tranal., Phil. Mag., 1858, (4) 16, 104. 

1 Keknltf, Annaltn, 1858, 106, 129. 
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conception of the atom O = 1 6. As illustrative of his system, 
the following formulae may be given 

c |O...OH CJO--OH C {O..OJ C 

IH S C...H S c . H 3 H S .c 

Methyl alcohol Ethyl alcohol Ethyl ether 

OH C- OH 



c |0 OH C 

: l * Os 

(H C...H 3 c to...OH 

Formic acid Acetic acid Oxalic acid. 

Kekule', on the other hand, was impregnated with the type 
theory, and endeavoured to harmonize the new views with the 
old. The fact that he so early recognized the value of the 
theory of valency is not to be attributed to any care with which 
he studied Frankland's epoch-making paper, but rather to 
the fact that he had independently been led to somewhat 
similar conclusions. In fact, Kekul<* regarded Mmsdf as the 
founder of the theory, as is evident from his statements m a 
paper on the atomicity of the elements. 1 Neveitheless, the 
first occasion on which he referred to valency was m a paper 
on Thiacetic acid, published m 1854, some two years after the 
appearance of Frankland's paper. Further, in the introduction 
to his Lehrbuc7i, Kekuld made no mention of Frankland, 
although the work of Williamson, Odlmg, Hofmann, and 
Wurte received full recognition. This was no doubt due to 
the fact that Kekul<* regarded valency as a constant propeity, 
and a theory of variable valency, as upheld by Frankland, was 
to him no theory of valency at all. 

Variability of Valency 

The early development of the theory of valency was beset 
with difficulties. It is true that hydrogen formed an excellent 
standard, in that its atom was never known to combine with 
more than one atom of any other element. The numerical 
value of its valency was therefore to be taken as unity, and by 
1 Kekule", Comft, rend., 1864, 58, 510 
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naly/mg its hydrides, the valency of any other element might 
e determined. 

But not only was this method unsatisfactory on account of 
ie paucity and instability of the metallic hydrides known, it 
Iso yielded contradictory results. Thus, writing the formula 
>r hydrochloric acid as H . Cl, it is clear that the valency of 
ilorme can only be unity. Now two chlorides of phosphorus 
e known, namely the trichloride, PC1 3 , and pentachloride, 
Cl fi , in which the valency of phosphorus is three and five 
spectively. It is obvious, therefore, that if the above reason- 
ig is valid, valency cannot be regarded as a constant quantity, 
oth Frankland and Kolbe were of this opinion. 

KekuleY on the other hand, preferred to regard valency as 
fundamental property of the atom, and as unchangeable and 
ivanable as the atomic weight. This view he retained to the 
st. In order to explain the formation of phosphorus penta- 
iloride, Kekuld argued that its formula would be more correctly 
ratten as PC1 3 . C1 3 The fact that this substance dissociates 
i vaporization was taken as supporting his view A similar 
planation was applied in the case of ammonium chloride, to 
aich the formula H 3 N . HC1, was given, since the nitrogen 
is regarded as trivalent. During the past few years, however, 
large number of facts has been accumulated, which cannot be 
conciled with Kekuld's doctrine of constant valency, and to 
ese we shall have occasion to refer in succeeding chapters. 

Kolbe 2 believed that each element possessed a definite 
aximum valency, and that, when this was saturated, further 
mbmation became impossible. Erlenmeyer," some years 
er, adopted a similar view. Mendele'eff' 1 assumed that the 
jhest oxygen compounds, omitting peroxides, give the maxi- 
im valency of the elements, and Abegg B has adopted the 
ne suggestion. 

1 Kekute, Zeit, C/tem., 1, 689. 

* Kolbe, JLehrbuch d. anorg. CAetit,, 1856, VoL I 

3 Erlenmeyer, Zctt. CAem., i863>pp. 6Si 97) and. 609 ; 1864, PP- i 
and 628. 

* Mendeldeff, Ostwald'a Klassiker, 68, 48 

* Abegg, Zat. anorg. CAetn. t 1904, 8 9 t 34 

T, P. C. c 
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But not only is this method uncertain owing to the divalent 
nature of oxygen, it is also inconsistent The valency of 
manganese, for example, is decided by a much higher and 
more unstable oxide, namely the heptoxide, Mn 2 7 , than the 
peroxide, Mn0 3 , as Friend l has already pointed out. Abegg ? 
further suggests that the maximum valency of every element 
is eight, and apparently Morozoff 3 is of the same opinion. 
Although this is true for the majority of the amphotenc 4 
elements, it is difficult to realize that tins is so for the inert 
gases, hydrogen, and the alkali metals to mention extreme 
cases. 

Up to the present, no satisfactory theory has been advanced 
to account for the variability of valency. Abegg assumes that 
all the valencies of an atom are of the same strength before 
actual combination, but saturation of one weakens the rest 
The extent of that weakening determines the numerical value 
of the valency in the circumstances. 

Nef, on the other hand, believes that the unused valencies 
do not he latent in the ordinary sense of the term. They 
saturate one another. He therefore writes C1==C1 for the 
molecule of chlorine, whose atom he regards as tnvalenti 
R Cl> for alkylchlondes, and H 8 N> for ammonia. 5 

This theory, however, offers no explanation for the existence 
of but one unsaturated valence, such as occurs in bromine and 
iodine at high temperatures, the molecules of which aie then 
monatomic " Similarly in nitric oxide, N : O, the molecule of 
which has been proved to be single at temperatures as low as 
100 C., we have one unsaturated nitrogen valence. In the 
case of ferrous chloride, FeCl a , and cuprous chloride, CuCl, 

1 Fnend, Trans Cheat. Soc., 1908, 98, 262. 
9 Abegg, Opus at. 

3 Morozoff, 7. Jtuss. Phys Chcm. Soc, 1906, 88, (2) 481. 

4 Friend, Opus at. 

6 Nef, Annalen, 1897, 298, 202, 

6 See Horstmann, 3er., 1869, 8 i J 37 J v - Meyer, J5er. t 1880, 13, 394 ; 
V Meyer and Zublm, ibid., pp. 399 and 405 ; Crafts, Compt raid., 1880, 
90, 183; Crofts and Meier, Compt. rend, 1881, 92, 39, Biltz and V. 
Meyer, e>., 1889, 22, 725 j Perman and Atkinson, Proc. Jtoy. Sac., 1900, 
66, 10 
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the difficulty was overcome by doubling the formulae, a pro- 
cedure which was supported by the results of vapour density 
determinations. 

As we shall see later, however, the correctness of represent- 
ing these substances by double formulae has recently been called 
into question It appears now, that the iron in ferrous salts 
is truly divalent, and copper in cupious salts truly monovalent. 

Van't Hoff 1 suggests that the phenomena of variable 
valency may be referred to the effect of the shape or form 
of the atoms. Thus, any deviation from the spherical shape 
must result in greater manifestations of the attractive force in 
certain directions, since the atom may be regarded as more 
accessible m these places. If an atom moves regularly m all 
directions about a fixed position, a change of external form 
must occur. This involves a change of affinity, and of valency. 
All the other atoms will be constrained to remain at a greater 
distance from the one under consideration, and consequently 
they will be held to it by a lesser force. In other words, the 
affinity of the atom is weakened. 

It is easy to see that, if the motion of the atom is very 
greatly increased, chemical combination may become im- 
possible, in other words, the molecule is monatomic. Now, 
rise of temperature is supposed to cause an increased vibratory 
motion amongst the atoms. We might, therefore, expect that, 
as the temperature is raised, the numerical value of the valency 
of an element would decrease. This is very frequently found 
to be the case. 

As early as 1869, Blomstrand 3 pointed out that those 
elements, which are decidedly electropositive or electro- 
negative, have the lowest saturation capacity. For example, 
if the halogens act decidedly negatively, their valency is 
always unity. Hinrichsen a has generalized this observation as 
follows : 

T/ie energy content of an atom is inversely proportional to the 
degree of its affinity. 

1 Van't HoEF, Ansichten tiber die organische Chetnie, 1881, pp. 3 efsey 
3 Blomstrand, Ckenuedet Jetxtzeit, 1869, pp. 217 and 343 
3 Hinrichsen, Hat phys, C/iem,, 1902, 89, 305. 
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Hinnchsen therefore argues that valency is truly variable. 
It does not he latent in the sense in which Nef speaks of it 
He agrees with Nef, 1 Gattermann, 2 Scholl,' 1 and others, in 
regarding carbon as truly divalent in hydrocyanic acid, 
C = NH, isomtnles, C = NR, and fulmmic acid C = NOH. 

Several other theories have been advanced to account for 
the variability of valency, and will be discussed in succeeding 
chapters. 4 

1 Nef, Annalcn, 270, 286 

8 Gattermann, Ber , 1898, 31, 1149. 

3 Scholl, Ber., 1890, 23, 3506 , 1899, 33, 3492 

4 See Chapters XIX and XX 



IV 
VALENCY AND THE PERIODIC LAW 1 

TRUE knowledge does not consist in the mere accumulation of 
facts. It is the power to absorb and apply these facts which 
marks the educated man, and distinguishes him from the mere 
mechanical compiler. Consequently it is not surprising that 
chemists and physicists alike should have endeavoured to 
discover some relation between those apparently isolated and 
sharply defined portions of matter known as elements. The 
very fact that we employ to-day such terms as The Halogens, 
The Alkali Metals, etc., indicates the innate tendency to 
classify things which show points of resemblance, and to dis- 
tinguish things which differ. 

As early as 1829 Doeberemer 2 pointed out that there are 
certain triads -of elements which not only show remarkable 
resemblance in their physical properties, but also striking 
regularities in their atomic weights. 

Pettenkofer 3 and Dumas 4 continued the study of such 
triads. It was found that they could be divided into two 
classes, namely those the atomic weights of which show 
approximately equal differences, and those of which the 

1 For more complete references to the Periodic Law the reader is 
referred to The Development of the Periodic Law, by F. P. Venable, 1896, 
and The Periodic Classification and the Problem of Chemical Evolution, 
by G. Rudorf, 1900, See also K. Seubert, Zcit anorg Chem., 1895, 9, 

334- 

3 Doeberemer, Pogg. Ann., 1829, 15, 301 
8 Pettenkofer, Annalen, 1858, 105, 187. 

4 Dumas, Compt rend, 1837, 45, 709 ; 1858, 48, 951, 
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atomic weights are nearly the same. To the former group 
belong the elements in the adjoining table 

CLASS I 



Element 



Atomic 
weight 



Difference 



Mean of 

extre me 

atomic weights 



Valeni-j 



Lithium 
Sodium 
Potassium 

Calcium 

Strontium 

Barium 

Sulphur 

Selenium 

Tellurium 

Chlorine 
Bromine 
Iodine 



73 
2305 

39 IS 

40 i 
876 

1374 

32 06 
792 
127 6 

354-5 
79-96 
126-97 



16 02 
16 10 



475 
498 



47-1 
484 



4701 



23-09 
8875 
79-83 
81-21 



i 
i 
i 

2 
2 
2 

2 and 6 
2 and 6 
2 and 6 

i 
i 
i 



It will be observed that the atomic weight of the middle 
element of each triad is almost exactly the mean of the 
atomic weights of the other two Further, the different 
elements in each triad exhibit the same valency. 

The second gioup of triads is shown by the following 
table : 

CLASS II. 

Element Atomic weight 



Iron . 
Nickel 
Cobalt 

Ruthenium 

Rhodium 

Palladium 

Osmium 

Indium 

Platinum 



55'9 

587 
59-0 

1017 
1030 
106-5 

191 

I93'o 
194-8 
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But the mere grouping of certain elements into triads, 
whilst interesting, did not yield any very fruitful results In 
1863, however, Newlands 1 introduced his famous generali- 
zation, known as The Law of Octaves. In a series of short 
articles, he drew attention to the fact that, if the elements are 
arranged in the order of increasing atomic weights," certain 
periodic relations between the physical and chemical properties 
of the elements become apparent. 

At first Newlands' papers were ridiculed and the remark- 
able coincidences, which they pointed out, were ascribed to 
chance. In 1866, at a meeting of the Chemical Society, when 
a paper entitled " The Law of Octaves and the Causes of 
Numerical Relations among the Atomic Weights " was being 
discussed, a critic enquired if Mr. Newlands had ever examined 
the elements according to their initial letters, and suggested 
that such a study might prove very profitable. 

Newlands, however, did not pursue the subject further. 
If tins was due to the opposition he had encountered, he 
certainly made a great mistake. Believing, as he did, that his 
views were sound and contained germs of a new truth, it was 
his duty as well as his privilege to see that they received both 
a fair hearing and a due share of consideration from men 
competent to judge Pioneers in every walk of life are sure to 
meet with opposition. Victories are seldom won before the 
fight. 

It was not long before Lothar Meyer and Mendele'efT 
realized the importance of Newlands' discovery. The former, 
in a series of short papers, developed the subject along lines 
very similar to those independently worked out by Mendele'efF. 
It is to both authors, therefore, that the honour of developing 
the Periodic Law is due. 3 

In the Table on page 24, the elements are arranged in 
the order of increasing atomic weights. The scheme is 

1 Newlands, Chan. Newt, 1863-1866, vols. 7-18. 

3 Although in his earlier papers Newlands wrote equivalent wag/iff, 
he actually employed atomic weights throughout. 

3 Ostwald's Klassiksr der exakten Wtssenschqftai, No, 68, contains n. 
collection of papers by the two men 
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substantially the same as that drawn up by Lothar Meyer 
and Mendele'eff, the only important alteration being the 
inclusion of the inert gases in column O by Ramsay. These 
gases were of course unknown forty years ago. 

The chief regularity which concerns us here is that of the 
valency exhibited by the elements in the several groups. 
Considering the oxygen compounds only, it will be observed 
that the valencies of the elements show a regular increase from 
o to 8 as we pass from group O to group VIII. On the other 
hand, the most stable hydrides known are formed from ele- 
ments m groups IV, V, VI, and VII, which now exhibit a 
valency falling from 4 in group IV to i in group VII. From 
the above it is clear that if we can but determine the atomic 
weight of an element, the Periodic Classification will give us 
a valuable clue to its valency. 

This was the case with 

Gluamim 

formerly known as beryllium. Its chloride was supposed to 
have the formula GIC^ and its oxide Gl^Og, for Berzehus 
regarded glucinum as tnvalent owing to its resemblance to 
aluminium * The atomic weight deduced from analyses of the 
compounds was accordingly 13 '8. But this places the element 
between carbon (C = i2'oo) and nitrogen (N = 14*01) in the 
Periodic Classification, and there is no room for it. If, how- 
ever, we assume that the oxide has the formula G1O and 
the chloride G1C1 B , the atomic -weight of glucinum is reduced 
to 9* i, which places it between lithium and boron Here we 
have a vacancy. Moreover, the other elements in the second 
group show great similarity to glucinum m their chemical 
pioperties. 

When, however, the specific heat was determined and 
divided by 6-4 the atomic heat constant 14 was obtained as 
the approximate atomic weight. Either, therefore, glucinum 
must be regarded as an exception to the Periodic Law, or to 
the Law of Dulong and Petit If to the latter, then we should 
expect its specific heat to increase with rise of temperature, as 

1 Berzelins, Schweigger's Journ. CAem. Pharm , 17, 296. 
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was found to be the case with carbon, boron, and silicon 
By reasoning in this way Nilson and Pettersson 1 were led 
to determine the specific heat of the metal at temperatures 
higher than 100 They found that it increased rapidly with 
rise of temperature from o 42 between o and 100 to 050 
between o and 300. 

Humpidge a immediately after determined the specific heat 
at temperatures ranging from o to 500. As will be evident 
from the following table, 3 the atomic heat of glucmum 
approaches nearer and nearer to 6 '4, as the temperature is 
raised. 



Temperature. Specific heat 



o 0-3756 3 42 

100 o 4702 4 28 

200 o 5420 4 93 

300 0-5910 5 38 

400 o 6172 5 61 



500 



o 6206 5 65 



It is clear, therefore, that the atomic weight of glucmum is 
9-1 and that the numenal value of its valency is two 

Nilson and Pettersson 4 confirmed the divalent nature of 
glucmum when they determined the vapour density of its 
chloride, G1C1 2 . 

VAPOUR DENSITY or GLUCINUM CHLORIDE. 

t " 

Temperature. Density Temperature Density 



490 6700 812 2-793 

520 4174 I080 2684 

589 3-067 1115 2-779 

686 2853 Il8 4 2824 

745 2 753 1502 2-791 

1 Nilson and Pettersson, Ber. t 1880, 18, 1451 , 1884, 17, 987. 
3 Humpidge, Pioc. Roy Soe., 1885, 38, 188; 89, 4. 
3 This table is taken from The Study of Chemical Composition, by 
Freund, 1904, p. 369 

* Nilson Motional Lecture, by Pettersson, 1900, p 1285 
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As will be seen from the above table, at temperatures 
ngmg from 730 upwards, glucinum chloride has almost 
actlythe constant density 2 77 as calculated for the molecule 
1C1, 

Combes * proved in a similar manner that glucinum is 
valent m the acetylacetonate, to which he gives the formula 
KCnHA). 

Tanatar, IJ however, holds to the opinion that glucinum is 
travalcnt, and that the basic acetate should be represented 
' the formula 

(OCaHjCOjGl . GlCOCaHaO), 

it Boris Glasmann 3 dissents from this view. 

Pollok 4 has expressed his belief that ordinary glucinum 
mtams a small quantity of a second element of high atomic 
sight, but Paisons D objects to this assumption on the ground 

insufficient evidence. 

For the present, therefore, glucinum must be regarded as a 
valent element, an exception to Dulong and Petifs Law, 6 
it not an exception to the Periodic Law 

THE POSITION OF HYDROGEN. 

For many years there has been much uncertainty as to the 
)sition of hydrogen in the Periodic Table By general consent 
e valency of this element has been taken as unity, for in all 
nary compounds containing this element, the number of 
fdrogen atoms in a molecule is never less than that of the 
oms of the second element, save in two cases. Thus, for 

1 Combes, Compt, rend , 1894, 119, 1222. 

a Tanatar, J. JSiess. Phys. Chem, Sac,, 1904, 36, 82 ; 1906, 88, 850, 
107, 89, 936 

1 Glnsmann, Chem Zeit., 1907, 81, 8; Ber , 1907, 40, 3059; see 
einmetz, Zat. anarg, Chem., 1907, 54, 217. 

4 Pollok, Trans. Chem, Soc., 1904, 8fi, 1630. 

* Parsons, y. Amer. Chem. Soc, 1905, 27, 233. 

8 Other examples of the application of this law to determine atomic 
eight and valency are dealt with fully by Dr. Smiles ID his -work 
ititled The Relation between Chemical Constitution and Physical 
roferties (this series). 
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example, we have the very stable hydrides of the non-metal 
H 2 0, H 2 S, PH 3 , NH 8J SiH 4I CH 4| etc, and the les 
stable metallic hydrides, NaH, CaHjj, etc. The two exception 
mentioned above are hydrazoic acid, HN g , and palladiur 
hydnde, PdaH In the former case we have good reason t 
believe that the nitrogen atoms are arranged in a ring, an. 
that the hydrogen is attached to but one of them, thus 



The latter case, is discussed fully in Chapter XVII 
there are two groups in the Periodic Table, namely the firs 
and the seventh, which contain monovalent elements, an( 
the question is, to which group does the hydrogen belong 
Mendele'eff placed hydrogen at the head of the first group, jus 
before lithium In favour of this position the following 
arguments may be urged . 

1. The most stable compounds of hydrogen, as of th 
metals, are those which are formed by union with non-metalli< 
elements Thus, for example, whilst the halogens combint 
but feebly amongst themselves, with the exception perhaps o 
the two extreme elements, iodine and fluorine, yet witt 
hydrogen exceedingly stable compounds are formed Ad 
mitting that combination might occur between the halogens 
and hydrogen, if the latter were placed at the head ol 
group seven, just before fluorine, we should certainly expect 
the hydnde of the more distant element, iodine, to be stabler 
than that of fluorine. But, as every chemist is aware, the 
reverse is actually the case Consequently it seems impossible 
to class hydrogen amongst the halogens. 

2. When acids and metallic salts are electrolyzed, both 
hydrogen and the metals are liberated at the cathode, 
whereas the non-metals migrate to the anode 

On the other hand, Orme Masson 1 and others place 
hydrogen at the head of the seventh group, and support their 
action by the following arguments : 

1 Masson, CAem. News, 1896, 73, 283 
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1. Hydrogen and the halogens, when in the vaporous 
idition, consist of diatomic molecules. The alkali metals, 
wever, are exclusively monatomic. 

2. The melting and boiling points of the alkali metals 
e as the atomic weight diminishes, as is evident from the 
lowing table . 



Metal 



Atomic weight Melting point. Boiling pout 



Lithium , 

sodium 

3 otassium 

Rubidium 

Caesium 



73 
2305 
39iS 
85-4 
133 



i8o*o n 

i*' 6 o 
62-5 

38-5 
265 



The reverse is true for the halogens . 

Halogen Atomic weight Melting point 



Fluorine 
Uhlorme 
Bromine ~ 
[odine 



3545 

7996 

12685 



- 102 

-7= 
+ 107 




Boiling point 



Hydrogen, therefore, with a boiling point of -252-5, is a 
)re fitting forerunner of fluorine than of lithium. 

3. Solid hydrogen bears no resemblance whatever to the 
:ali metals. It is a white solid mass, melting at -259 to a 
jar colourless liquid, resembling water, and having all the 
operties of a non-metallic element. 

4. The difference between the atomic weights of any two 
nsecutive elements in the first two horizontal series in the 
nodic table is practically 2-5. By placing hydrogen in the 
venth group, the passage from this to helium in group O is 
harmony with this regularity. If, however, hydrogen is put 
the head of the first group, we must either assume that the 
Die is discontinuous, or that a senes of six new elements 
mains to be discovered, with atomic weights lying between 

202 E. 1 %\% 



30 THE THEORY OF VALENCY 

i 008 (the atomic weight of hydrogen) and 4 (the atomic 
weight of helium). 

We thus see that there are excellent arguments in favour of 
including hydrogen m both the first and the seventh groups, 
and at present it is impossible to say which position is the 
rnoie correct. 1 

1 See Brauner, Cheat. Neivs, 1901, 84, 233. 



V 

EXCEPTIONS TO THE PERIODIC LAW 

ALTHOUGH among the rare elements we find a few apparent 
xceptions to the Periodic Law, as, for example, neodymmm 
nd praseodymium, it is unnecessary for us to dwell upon 
lem here. It is advisable to wait until their elementary 
ature has been demonstrated with certainty, and their physical 
onstants determined with greater accuracy. There are, 
owever, three well-established exceptions to the law, and 
aese call for treatment here. 

I. Argon and Potassium 

On the discovery of the so-called inert gases, 1 it was 
ecessary to introduce an entirely new group into the Periodic 
ystem, namely that to which the ordinal O has been assigned, 
t is obvious that by this arrangement we have greatly 
dded to the completeness and symmetry of the system, for 
IB inert gases form an ideal mean between the monovalent 
lectronegative halogens and electropositive alkali metals, 
leference to the table on page 24 shows that the atomic weights 
f helium, neon, krypton, and xenon fit into this arrange- 
lent extremely well. But the case of argon is exceptional. 
Vith an atomic weight of 39^ the natural position of this 
lement would lie between potassium (39 -15) and calcium 
4o f i), where, however, there is no room. In order to account 
Dr this anomaly many explanations have been suggested. 

(a) Some chemists have been led to dispute the elementary 

1 Ramsay, J3er., 1898, 81, 3111 
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nature of argon. Rayleigh 1 argues, however, that both the 
density of argon and the ratio of its specific heats, for which 
the value 1-659 has been found, point conclusively to the fact 
that argon is not a compound. 

(b) It has been suggested that argon may be a mixture of 
two or more monatomic gases. There are several ways by 
which the truth, or otherwise, of this assumption can be 
demonstrated. 

Argon was first liquefied by Olszewski of Cracow in 1895. 
There was no appearance of liquid before the boiling point 
was reached, nor was there any alteration of temperature when 
the liquid argon was allowed to boil away. This is precisely 
what we should expect if the gas were a single substance. If, 
on the other hand, it were a mixture, the temperatures of 
liquefaction and boiling would almost certainly be indefinite. 

Sir William Crookes and others have studied the spectrum 
of argon, and obtained some very interesting results. The 
spectrum consists of a large number of lines extending into 
the ultraviolet region. On altering the intensity of the electric 
discharge through the gas under low pressure by the interposi- 
tion of a Leyden jar between the secondary terminals of the 
induction coil and introducing a spark gap, the colour of the 
light in the tube changes from red to blue This, however, is 
no proof that the gas is a mixture. 

A convenient method of separating the constituents of a 
gaseous mixture lies in shaking up the latter with some liquid, 
whereby the more soluble portions are dissolved out. Rayleigh 
has shown, however, that the spectrum of argon which has been 
thoroughly shaken up with water is identical with that of argon 
not so treated. We are therefore forced to the conclusion mat 
argon is a single substance, and not a mixture. 

(c) A third and very plausible way of accounting for the 
high atomic weight of argon lies in the supposition that the 
gas is a mixture of many monatomic and comparatively few 
diatomic molecules. As Ramsay 2 has pointed out, if there 
were only 500 diatomic molecules of the gas to every 10,000 

1 Rayleigh, Nature, 52, 159. 

3 Ramsay, The Gases of the AtmospAen, 1902, p. 229 
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lonatomic molecules, the density would be ig, and the calcu- 
ited atomic weight would be accordingly reduced to 38. 
'his value would give argon its right position in the Periodic 
ystem. 

A delicate method of testing this supposition lies in the 
etermmation of y, the ratio of the specific heats at constant 
ressure and constant volume The most trustworthy result is 

7 = 1*659 

istead of the theoretical value 1-667. A mixture of five per 
;nt diatomic molecules should, however, have yielded a 
suit, y = 1-648 The evidence, therefore, is inconclusive. 

From theoretical considerations, involving somewhat arbi- 
ary assumptions, Thomsen 1 concludes that the atomic weight 
' argon may be only about 36. But speculations such as 
ese are of little value unless they are boine out by 
:penment, and until further research has been done on the 
bject, we must be content to regard argon as an exception 
the Periodic Law 

II. Cobalt and Nickel 

Judging by its chemical properties we should certainly 
pect cobalt to lie between iron and nickel in the eighth group 
the Periodic Table. 

Thus, iron forms two classes of salts, namely, ferrous and 
TIC, m which it functions respectively as a divalent and 
valent element. Cobalt exhibits a similar tendency, but to 
ess extent. The cobaltic salts are unstable, and exist only 
solution. Very stable double salts are known, however, as 

example, potassium cobaltic nitrite, to which the formula, 
Co^NOaJu . sH a O, may be ascribed. 3 Nickel, on the other 
nd, only forms one series of salts, namely, the nickelous, in 
ich it functions as a divalent atom. Further, by placing 
Dalt between iron and nickel, the resemblances between the 
ments in the vertical columns of the eighth group are better 

1 Thomsen, Zett. anerg. C&em., 1895, 9 fl 83. 
a Rfty, Trans. Chem, Scv., 1906, 89, 551 

r. P. c. c 
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brought out. Thus, iron, ruthenium and osmium form com- 
pounds of the type K 4 M(CN) 8 ; cobalt, rhodium and indium 
form K 3 M(CN) ; and the elements of the last column, namely, 
nickel, palladium and platinum, yield double salts corre- 
sponding to the formula K a M(CN) 4 

But the atomic weight of nickel, as determined in a variety 
of ways by a number of careful investigators, is always found 
to be slightly less than that of cobalt Kniss and Schmidt 1 
thought that this was due to the presence of a hitherto undis- 
covered element, to which they gave the name gnomium. 
Winkler, 2 however, has shown that this explanation is very 
improbable 

During the past few years, Richards, Baxter, and otheis 
have been determining the atomic weights of nickel and cobalt 
afresh, but as yet the difficulty has not met with solution. 

III. Tellurium and Iodine 

A glance at the accompanying table will show that 
tellurium very closely resembles selenium and sulphur in its 
chemical properties. 

ANALOGOUS COMPOUNDS OF 

Tellurium Selenium Sulphur 



SeO, SO S 

TeO a SeO 3 S0 3 

TeH, SeH a SH 8 

TeCl, SeCl 4 SCI, 

TeF, SeF, SF a , 

TeAg, SeAg B SAg a 

This analogy is still further illustrated by the discovery of 
Pellini, 3 that the hydrogen rubidium salts of selenic and 
telluric acids are isomorphous. It should be mentioned, 

1 Kriiss and Schmidt, er, 1889, 22, u and 2026 

* Winkler, Ber , 1889, 22, 890 ; Zat. anorg. CAem., 4, to. 

1 Pellini, Attt J?. Aecad Ztncet., 1906, (v ) 16, i. 629 and 711 , ii. 46. 
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however, that Staudenmaier ' several years ago made the 
interesting observation that potassium tellurate is not isomor- 
phous with the corresponding sulphate, but with potassium 
osmate. There can be no reasonable doubt, theiefore, that 
the true position of tellurium in the Periodic Classification lies 
in the sixth group, and not m the seventh with manganese and 
the halogens 2 Nevertheless, the atomic weight of tellurium, 
as determined by a large number of reliable workers in a 
variety of ways, is almost invariably found to be approxi- 
mately 127 6, which is slightly greater than that usually 
accepted for iodine, namely 126 97. 

Whether this is due to experimental error in the determina- 
tion of the atomic weights of the two elements, or to the fact 
that we have here a real exception to the Periodic Law, is 
difficult to say. Scott, 3 from a consideration of the differences 
in the atomic weights of the elements in the sixth group, con- 
cludes that the atomic weight of tellurium should be above that 
of lodme. Brauner, 4 who studied the subject for many years, 
gave expression to the view that tellurium is a mixture of two 
elements, which cannot be separated by chemical means In 
support of this he pointed out that the more carefully the 
tellurium is purified, the lower does the atomic weight 
apparently become Thus, for example, if the tellurium is 
first distilled in hydrogen before the tetrabromide is prepared 
and analyzed, the atomic weight thus found is appreciably 
lower than if the metal is merely fused in a current of inert gas 
before the same treatment. 

One might, perhaps, imagine that the recent investigation 
of Baker and Bennett would settle, for this generation at any 
rate, the vexed question as to whether tellurium is a mixture 
or not. But as we shall see presently, no research is final, and 
we must be prepared to alter our views, even on the most 

1 Staudenmnier, Zett. anorg. C/iem., 1895, 10, 189. See Mulhmann, 
Zett. JKrystall., 17, 336. See Retgers, Zttt phys. CAem., 1891, 8, 6. 
9 Compare Gutbier and Flury, J. pr CAem., 1907 (u.) 76, 99. 
* Scott. Pioc CAem Soc , 1902, 18, 12 

4 Brauner, Trans, CAem. Soc , 1889, 65, 382 Brauner is not now of 
this opinion, however ; see Trans. C7iem. Soc,, 1895, 67, 549. 

5 Baker and Bennett, Trans. CAem. Soc., 1907, 91, 1849. 
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trivial subjects, should the necessity for so doing arise. 
The element with which Baker and Bennett experimented 
was obtained from Bohemian tellurium, West Australian ores, 
South American ores, and finally from a specimen prepared 
by Divers from Japanese sulphur deposits. The crude sub- 
stance was dissolved in aqua regia and evaporated several 
times with hydrochloric acid The gold, bismuth, lead, thal- 
lium, silver and selenium were removed by treatment with 
sulphur dioxide. Fusion with alkali cyanides in a current of 
coal gas and subsequent treatment with water and air yielded 
needle-shaped crystals of tellurium. The element was purified 
by alternate oxidation and reduction, and finally by distillation 
in a current of pure hydrogen. The authors now sought to 
determine if the tellurium could be separated into two or more 
elements, and to this end employed the following methods : 

1 Telluric acid, obtained by oxidation of the element, was 
fractionally crystallized, and each fraction subjected to separate 
analysis. If two acids were really present, one would expect 
them to show a slight difference in solubility. The several 
fractions should, therefore, possess different oxygen contents. 
The ratio Te0 2 : O s was, therefore, determined, but was 
found to be constant. Further, Sir William Crookes examined 
the extreme fractions spectroscopically, and proved their 
absolute identity. 

2 The second method was based on the assumption that 
if two acids were present in telluric acid, the difference in the 
solubilities of their barium salts would offer a means of separa- 
tion. Analysis of the different portions, however, gave 
identical results. 

3. Tellurium was fractionally distilled. 

4. Tellurium dioxide and tetrachloride were each 
fractionally distilled 

5. Tellurium was converted into hydride and fractionally 
decomposed. 

6. Tellurium tetrachloride and tetrabromide were submitted 
to fractional electrolysis. 

7. Tellurium tetrachlonde was fractionally precipitated by 
water. 
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In no case, however, could any difference in the atomic 
weight of tellurium be observed. The mean of forty-three 
determinations gave 127 605 (0=i6) as the atomic weight. 
These results are in good agreement with those obtained by 
Lenher. 1 The recent work of Marckwald, 3 however, must not 
be omitted. This investigator examined about 1500 grams 
of hydrated telluric acid, H a Te0 4 . 2H a O, and, after several 
hundred crystallisations, obtained twenty fractions of approxi- 
mately equal weight. No difference could be observed between 
the extreme fractions A lower value than that of Baker and 
Bennett was obtained for the atomic weight of tellurium, 
namely 126 85 a number which places the element in its 
proper position in the Periodic Table This result, however, 
cannot be accepted as final. It must not be forgotten that 
Baker and Bennett also analysed the hydrated telluric acid, 
but obtained inconstant results, the variation in 26 deter- 
minations being from i26'8 to 1282. This they attribute to 
inconstancy in the amount of water of crystallization. 3 Marck- 
wald only performed six experiments, and it has yet to be 
proved that the constancy of his results was not due to 
coincidence. Further if this lower number is accepted, an 
explanation will have to be given for the higher values 
repeatedly obtained by every other method. 

Bettel,* in a very interesting communication to the Chemical 
JVews, has raised the vexed question again as to the possibility 
of tellurium being a mixtuie of two elements. Observing in 
1883 that some silver obtained from assays of a silver tellunde 
ore behaved in an unusual manner at the apparent completion 
of cupellation, Bettel endeavoured to determine the cause. 
The results of his experiments, performed in order to deter- 
mine if a new element were present, were inconclusive, and by 
giving publicity to the fact he hopes to draw the attention of 
scientific and commercial men to this unsolved problem. 
Baker, however, does not believe that the phenomenon 

i Victor Lenher, ^. Amer. Chan. Soc. } 1908, 30, 741. 

* Marckwald, Bet'., 1907, 40, 4730. 

" Baker, Client Neivs, 1908, 87, 209. 

1 Bettel, Cheat. News, 1908, 97, 169. ^ 
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described by Bettel is caused by the presence of a new 
element in tellurium. 

The last twenty years, therefore, do not seem to have 
brought us a single stage nearer to the solution of the difficulty, 
and for the present tellurium must be regarded as an exception 
to the Periodic Law. 



VI 

THE VALENCY OF CARBON 

E determination of the numerical value of the valency of 
bon was an important advance in the theory of valency, 
1 one destined to exert an enormous influence on the study 
1 progress of organic chemistry. 

In 1854, Williamson and Kay 1 prepared tri-ethyl ortho- 
mate, 



(OC a H B ) 3 
the action of chloroform on sodium ethoxide. Thus . 



CHC1 3 + 3NaOC fl H B = 3 NaCl 

ey descnbed it as "a body in which the hydrogen of 
ee atoms of alcohol is replaced by the tribasic radical of 
oroform." 

It is most remarkable that the study of this body did not 
d them to the discovery of the tetravalency of carbon. This 
nour was seemingly reserved for K.ekule'. In a paper on the 
nstitution of fulmimc acid, Kekule* a drew up a table of the 
mpounds belonging to the marsh-gas type. Thus : 

Q> H H H H Marsh gas. 

Q H H H Cl Methylic chloride. 

C B H Cl Cl Cl Chloroform 

/$, (NO*) Cl Cl Cl Chloropicrm 

C B H H H (QN) Acetonitrile 

Q (NOO Hg Hg (C a N) Mercuric fulminate." 

1 Williamson and Kay, Proc, Roy. Soe., 7, 135 
3 Kekule, Annaleu, 18575 101, 200. 
39 
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It is clear from this table that Kekule" regarded C 3 a 
tetravalent, where by C 3 he understood -C, the symbol used b] 
the Gerhardt- Williamson school to denote the atom C = i2 
In a paper published later 1 in the same year, Kekule dis 
tinctly states in a footnote that he regards one atom of caibon 
= 12, as equivalent to four atoms of hydrogen. 

Both Kolbe a and Frankland 8 claimed to have anticipateo 
Kekuld in his discovery of the tetravalency of carbon, and in 
support of their statements drew attention to a paper published 
by themselves in 1857. 4 As this appeared so soon after the 
first one of Kekule', there can be no doubt that these authors 
had arrived independently at the conclusions contained therein. 
The tetravalency of carbon is certainly implied in the paper, 
but is nowhere expressly stated, and it is very doubtful if die 
authors realized its significance at the time. A second 
paper by Kekule', which appeared very soon after the first, 
showed that the author had akeady grasped the importance of 
his discovery. 

The combining power of carbon has shown itself to be 
remarkable in every way. Standing as it does in the middle of 
the first short series of the Periodic Classification, it was to be 
expected that carbon would exhibit a disposition to unite 
with almost any element, irrespective of its electrochemical 
character. This expectation has been realized to a remarkable 
degree. 

No less astonishing is the power of the carbon atoms to 
unite among themselves. This is well illustrated by the 
hydrocarbons known as paraffins. Dimyncyl is a solid, 
melting at 102, and contains no fewer than sixty atoms of 
carbon united in one long continuous chain. The formula is 
therefore 

CH 3 (CHg) M CH 3 

1 Kekule, Annalen, 1857, 104, 129 

* Kolbe, y pr. CAa , 1881, (n) 23, 366. 

* Frankland, Proc Roy. See 3 1865, 14, 198. 

4 Kolbe, Aimalm, 1857, 101, 262. This paper bears the name of 
Kolbe only, but purports to be a joint production The name of 
Frankland appears to have been omitted by mistake. 
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A very interesting series of dibasic acetylenic acids was 
investigated by Baeyer 1 which illustrates still more forcibly 
the power of the carbon atoms to unite amongst themselves. 
The potassium salt of diacetylenedicarboxyhc acid is 
obtained, together with copper oxide, by the oxidizing action 
of potassium, ferricyanide upon the copper derivative of 
potassium propiolate. Thus 

(COOK . C : C) 9 . Cu -> COOK . C : C . C : C . COOK 

The potassium hydrogen salt of this acid on digestion with 
water loses carbon dioxide, whereby the potassium salt of 
diacetylene monocarboxylic acid results, namely 

COOK . C : C C : C K 

This yields a copper compound, which, when oxidized by 
potassium ferricyanide, gives rise to the potassium salt of the 
highly explosive tetra-acetylenedicarboxylic acid, 

COOK C : C . C : C . C : C . C : C COOK 

No other element is known to form such peculiar compounds. 

Very remarkable is the constancy of the valency exhibited 
by carbon. It is largely due to this property that the applica- 
tion of the theory of valency to the study of organic chemistry 
has met with such unparalleled success In marsh gas, CH 4 , 
carbon tetrafluonde, CF d , u as well as in a host of complex 
derivatives whose constitutions have been determined within 
the last few years, carbon seems to function uniformly as a 
tetravalent element. 

For many years carbon monoxide, C = O, was believed to 
contain divalent carbon, for the valency of oxygen was regarded 
as invariably two. Both Kekule' and Kolbe agreed on this 
point. 8 It was believed, however, that the two other valencies 
saturated themselves. The discovery of Collie and Tickle, J 
however, that oxygen can function as a tetravalent atom, 

1 Baeyer, Her,, 1885, 18, pp 678 and 2269. 

3 Moissan, Compt. rend,, 1890, HO, 276 and 951. 

3 Kolbe, y.jr. CAem., 17, 146. 

* Collie and Tickle, Trans. Chetn. Sac., 1899, 15, 710. 
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renders the above assumption doubtful. 1 Nevertheless, many 
chemists are prepared to agree with Nef, 2 Gattermann, 3 ScholV 
and others, in regarding carbon as truly divalent in hydro 
cyanic acid, C = N H, isonitnles, C = N R, and fulmmic 
acid C = N O H 

As is well known, the great difficulty of accepting KekuWs 
formula for benzene, in which the carbon is represented as 
tetravalent, is the fact that it is not symmetrical. Thus ; 



\x 

We may, of course, overcome this objection by assuming witl 
its author that the double bonds are continually changing 
their positions, so that a symmetrical figure is virtually obtained 
as we have equilibrium between the two schemes : 




V 

In triphenylmethyl, C(C H ) 3 , discovered by Gornberg ' 
in 1900, carbon appears at the first blush to function as a 
trivalent element This remarkable compound is prepared by 
the action of zinc on a benzene solution of triphenylchloro 
methane . 

Zn + aCl C (C U H ) 3 = ZnCl B + aC (C fl H c ) n 
The triphenyl methyl is precipitated by acetone. It combines 

1 Compare Fnend, Tratu. Cheat. Sac , 1908, 93, 269. 

2 Nef, Anna/en, 270, 286 

3 Gattermonn, JBer., 1898, 31, 1149. 

* Scholl, Ber. t 1890, 28, 3506 , 1899, 32, 3492. 

8 Gomberg, Ber , 1900, 38, 3150; 1901, 84, 2726, 1902, 85, 2397 
1903,86,376 and 3928; 1904, 37, 1626. Annr. C/urn. Journ., 1901, 
25, 317. 
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rapidly with iodine, giving tnphenyliodomethane, C(C 6 H,,) 3 I. 
With oxygen a peroxide is formed, to which the formula 

C(C 6 H B ) 3 O C(C H B ) 3 

is given. With ether a compound of tetravalent oxygen is 
produced, thus 

(C 8 H B ) 3 C C D H B 

O 
(C H B ) 3 C^ QH B 

In all these reactions the carbon functions as an unsaturated 
atom. That it is truly tnvalent is open to doubt. There is 
reason to believe that the formula for tnphenylmethyl is 
[C(C 6 H c ) 8 ]r,, but we do not at present know how the atoms 
are arranged. Several constitutional formulae have been 
proposed, but the question is by no means settled. 1 

In ethylene, CaH 4 , and acetylene, C a Ha, carbon may be 
considered as trivalent and divalent respectively. Thus . 

H C H H C 

| and | 

H C H H C 

This difficulty is usually overcome by putting a double 
bond between the two carbon atoms in the case of ethylene, 
and a triple bond m the case of acetylene. Hmnchsen a takes 
exception to the assumption of double and triple bonds, and 
prefers to write ethylene and acetylene as above, regarding the 
valency of carbon as truly variable. His reasons may be stated 
as follows . 

i. According to Baeyei j s theory of strain, one is led to 
expect in acetylene a very unstable gas. Yet at the high 
temperature of the electric arc this gas is apparently very 
stable. This is also true of the carbides of the metals 

1 See Heintschel, Bar, 1903, 38 320 and 579 ; Tschitschibabm, Bet:, 
1904, 37, 4709 ; 1907, 40, 367 ; 1908, 41, 2421 , J. pr. Cfiem., 1906, 
(2) 74, 340 ; It. Auwers, Ber, 1907, 40, 2159 ; Gomberg, /?., 1907, 40, 
1847 ; 1906, 89, 1318 ; 1905, 38, 1333 ; Schmidlm, Ber., 1907, 40, 2316 ; 
1908, 41, 426 and 2471 ; Jacobson, Ber., 1905, 88, 196 

2 Ilmricbsen, Zeit. pkys. Chetn., 1902, 39, 305 , Annalen, 1904, 336, 

175- 
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generally, which, as is well known, require a high temperature 
for their formation. 

2 Certain physical constants, such as, for example, the 
molecular volume, are greater in bodies possessing a double 
bond, than in those which possess only single linkmgs. This 
is directly opposite to what we should expect, for when two 
atoms are joined by double bonds, we naturally assume that 
they he nearer together than when joined by single linkmgs. 

As Hmrichsen himself points out, his position is not 
unassailable. If carbon can function as a di- and tn-valent 
atom, we are led to ask why it is that such molecules as CH a 
and CH 3 are apparently unable to exist. But although no 
answer is forthcoming, it may be argued with justness, that 
this objection is equally applicable to the generally accepted 
theory of valency as applied to the other elements. Thus, for 
example, in nitric oxide, NO, the nitrogen may be regarded 
either as divalent or tetravalent, according as we attribute to 
oxygen a valency of two or four. Nevertheless, such hydrides 
as NH H and NH 4 have not as yet admitted of isolation. 

It is not easy to see, however, what is gained by thus 
attributing to carbon a variable valency. By assuming its 
constancy, the study of organic chemistry has made unpre- 
cedented strides during the last quarter of a century. A theory 
of variable valency would, on the other hand, have caused 
no little confusion by greatly increasing the number of possible 
schemes which might be drawn up to represent complex organic 
bodies. Until some decided advantage is to be reaped by 
adopting the views which Hmnchsen so warmly supports, it 
would seem more advisable to adhere to the older theory 

We have no evidence that carbon ever functions as an 
element with a greater valency than four. Landolph 1 pre- 
pared CgHaO . HF, and C a H 8 . aHF, by the action of water on 
fluorboracetone, and suggests that we have here a hexavalent 
carbon atom. Hinrichsen 3 takes exception to this view and 

1 Landolph, Com.pt. rend , 1878, 88, 14631 1883, 86, 580 ; Jdkresder., 
1878, 320 ; 1883, 1298. 

3 Hmnchsen, Utder dengegetiwaittgeti Stand der ValetattJi.re t Stuttgurl, 
1902, p. 61. 
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suggests that the former compound is repiesented by the 
formula 

CH. 

C 
" 



But why not assume that the fluorine is trivalent? as is 
almost certainly the case in hydrofluoric acid, which consists 
of the double molecules l 

H F=F H 
The formulee for the above compounds then become 

CH 3 ^ CH 3 ^ F.H 

C=O=F.H and C=0 I 

CH, CH 3 ^ "^F H 

In triphenylbromomethane tetra-iodide, 3 (CoH fl ) 8 CBrI 4 , 
carbon might appear to be functioning as an octavalent atom. 
By assuming, however, that bromine and iodine are trivalent, 
this difficulty is easily surmounted. A similar explanation 
applies to methyl lododichlonde, 3 CH B IC1 2 , and to all other 
bodies of like composition. 

Having now definitely determined the numencal value of 
the valency of the carbon atom, it was important to discover if 
the valencies were all of equal value. Popoff* proved the 
equality of the two unsaturated valencies in carbon monoxide. 
He allowed zinc methyl to act on caproyl chloride, whereby 
methyl amyl ketone was produced. Thus : 

sCfiHnCOCl + Zn(CH 3 ) a = 2C fl H n COCH 3 + ZnClj, 

This body was found to be identical with that produced by 
the action of zinc amyl on acetyl chloride. Thus 

2CH 8 COC1 + Zn(C B H u ) a = 2CH 8 COC B H U + ZnCl a 
Geuther 6 and his pupils have made an extensive study of 

1 See Chapter XV. 

3 Gomberg, y Amer. Chem. Soc. t 1898, 20, 790. 
3 Thiele and Peter, J9er. t 1905, 88, 2842 
* Popoff, Annalen, 1 868, 140, 283. 

" Geuther, Annalen, 1880, 205, 223 and 327 ; 1883, 218, 12 ; 1887, 
240, 192 and 225. 
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the formic esters, and have demonstrated the equality of the 
four carbon valencies 

Henry 1 attacked the problem from an entirely different 
standpoint He prepared mtromethane in four different ways, 
so that the nitro-group should, in each case, replace a fresh 
hydrogen atom. In order to explain the principle on which 
he worked, we will represent methane as 

C H a H 4 H H u 
Beginning with methyl iodide, 

CI H t H c H d 

which results by replacing one of the hydrogen atoms, say the 
0-atom, in methane by iodine, he converted a portion of it into 
mtromethane direct This was therefore a-mtromethane, 

C(NO a ) H 1 H H d 

The remaining portion of methyl iodide was converted into 
the cyanide, saponified and chlorinated, whereby 

CfCOOHXCl.H.H, 

resulted. The chlorine in a part of this was now replaced 
by a mtro-group, and the carboxyl group split off, whereby 
^-nitromethane resulted, 

CH(NO a ) 6 H D H d 

In a similar manner the c- and ^-nitromethanes were 
prepared. Since all these four nitromethanes were found to 
be identical in every respect, it is natural to argue that the 
same is true of the four carbon valencies 

It now behoves us to discover in which direction these 
valencies act. 

The simplest arrangement would obviously be that of a 
square, containing a carbon atom at its centre, whilst towards 
its four corners the valencies of the carbon might be supposed 
to act But this at once leads us into difficulties. According 
to this scheme we ought to be able to prepare two isomeric 
bodies, each having the formula CH B Cl a . Thus : 

1 L. Henry, Compt rend \ 1887, 104, 1106 , Zat phys. Chem , 1888, 2, 
553 > Jahrater, 1886, 34 ; see ull Acad. roy Bdg , 1906, 722 



THE VALENCY OF CARBON 47 

H Cl 

H C Cl and H C H 

Cl Cl 

But this is contrary to experience. We are therefore forced 
to the conclusion that the directions in which the valencies 
act do not he in one plane 

As eaily as 1869 Paterno l pointed out that if three isomenc 
forms of the compound Q.H 4 Br a actually existed, an explanation 
could be found in the assumption that the four valencies of the 
carbon atom, are diiected towards the corners of a tetrahedron 
Five years later, namely in 1874, Le Bel and van't Hoff 
advanced the same idea simultaneously, although each investi- 
gatoi had evidently arrived at it quite independently The 
views were put forward m order to explain the optical 
isomensm of the lactic and tartanc acids. 

Van't Hoff a evidently regards the carbon atom as a material 
point, at the centre of a tetrahedron, towards the corners of 
which its valencies are supposed to act. As Auwers 3 has 
pointed out, however, such a conception is beset with diffi- 
culties In ethylene, for example, the double bond between 
the two carbon atoms is represented by the following 
scheme : 



ET ^ H 

We have here two sets of two forces, each set acting from 
two points, in such a way that all the forces are inclined to 
one another, no two acting in the same straight line. This 
implies that the valencies possess a definite direction and 

1 Patem6 was not the first to suggest a tetrahedral arrangement for the 
carbon atom This honour belongs to Kekuld (see p. 49). Patent's 
merit lay in first making the assumption that the four valencies are directed 
towards the corners of a tetrahedron. 

3 Van't Hoff, La Chtmu dans FEsface, 1874. 

3 Auwers, Die Enivncktlung det Stereochemtc, 1890 
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position in space, an assumption which attributes to meie 
forces properties which they cannot possess. 1 

Le Bel, on the other hand, has adopted a very different 
view. He 2 assumes that each atom possesses a definite sphere 
of attraction. If two such spheres intersect, their atoms arc 
drawn together. A new repulsive force now comes into play, 
and when these two opposing forces exactly counteract one 
another, the atoms remain relatively at rest. Any three such 
atoms would clearly arrange themselves at the angles of an 
equilateral triangle. 




FIG. i 

A fourth atom would complete the tetrahedral figure. The 
carbon atom is supposed to be inside the tetrahedron, and 
its sphere of repulsion to be bounded by the sides of the same 
Knoevenagel 3 is inclined to assume that whilst the carbon 
atom has a tetrahedral form, its valencies are directed to the 
middle of the sides of the tetrahedron, and not to the corners. 
Hinnchsen* adopts this view, and uses it in support of his 
contentions against the theory of double bonds in unsaturated 
carbon compounds. The so-called double bonds are regarded 
as simply expressing the union of two carbon atoms along a 
common edge. 

1 Compare Lessen, Annalen, 1880, 204, 336 ; ffer., 1887, 80, 3306 
a Le Bel, Bull. Soe. ckim,, 1890, (3) 3, 788. 
3 Knoevenagel, Annalen, 1900, 311, 194. 
* Hinnchsen, Anna/e, 1904, 336, 175. 
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It is mteiestmg in this connection to call to mind the 
model of the carbon atom invented by Kekule' in 1867, two 
years before Paternd first published his suggestion to which 
reference has already been made. 1 The atom itself is regarded 
as a sphere, and from it project the four units of affinity " in 
the direction of hexahedral axes, so that they end in the faces 
of a tetrahedron." 

According to Meyer,? " the carbon atom is surrounded by 
an ethereal shell, which, in the case of an isolated atom has a 
spherical form , the atom itself is the carrier of the specific 
affinities, the surface of the shell is the seat of the valencies ; 
each affinity is determined by the existence of two opposite 
electrical poles which are situated at the end-points of a 
straight line small in comparison with the diameter of the 
ethereal shell. Such a system of two electric poles is called 
a double- or di-pole. The four valencies of a carbon atom 
would be represented by four such di-poles, the middle points 
of which are situated on the surface of the ethereal shell, but 
freely movable within it. The di-poles themselves can rotate 
freely round their middle point. The carbon atom has a 
greater attraction for positive than for negative electricity, 
and the positive pole of a valency is slightly stronger than 
the negative pole. This hypothesis explains why the four 
valencies take up the position of a regular tetrahedron , why 
they can be diverted from this position j why the valencies of 
one and the same carbon atom cannot combine together, 
whilst the valencies of different carbon atoms can do so , why 
there are two kinds of single binding, one stable, and the other 
allowing free rotation j and lastly, why free rotation ceases in 
cases of double- or treble-binding." 8 

Werner's 4 assumption is exceedingly simple. He fixes 
the valency of carbon as four, simply because no compound is 
known in which one carbon atom is united directly to more 

1 Kekule*, Znt. CAent., 1867, N. F. 3, 217 ; see KehiU Mem. Led, 
Japp, 1897, p. 132. 

* V. Meyer and Riecke, Ser., 1888, SI, 946. 

" Victor Mey*r Mutt, led,, Thorpe, 1900, p. 193. 

Werner, BeUrbgcvur Theoneder Aflnitto und Valenz, 1891. 

T. P. C. E 
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than four other atoms. He does not regaid valency, however, 
as dependent upon any one atom alone, but rathei upon all 
the atoms m the molecule as a whole. Chemical affinity is 
assumed to be a force acting from the centre of an atom 
towards any and every point on the surface of a sphere at 
whose centre the atom lies. If all the atoms are spherical, any 
four attaching themselves to an atom of carbon will take up 
positions in the corners of a tetrahedron, at whose centre the 
carbon lies, for this is the only symmetrical gioupmg possible. 
Many other suggestions 3 have been put forward from time 
to time by different investigators, but a full treatment of these 
is beyond the scope of this work. The reader desirous of 
pursuing the subject further is referred to Dr. Stewart's text- 
book on Stereochemistry (this senes). 

1 "Wunderlich, Configuration orgntmchct ilfolckiift, 1886 Wishcenus, 
Be) , 1888, 21, 581. Sachse, JJer., 1888, 31, 2530 ; Zctt phys Chan , 
1893, 11, 185 Naumann, Ber., 1890, 23, 477 Auwc-rs, Die JEntuncke- 
lung der Ste> eochetme, 1890, p. 31. Knorr, Aitnalcti, 1894, 279, 202. 
Vaubel, Cheni. Zeit , 1897,21,96 Erlonmeyci, junior, Anna/eft, 1901, 
316, 71 Voilander, Auttatot, 1902, 320, gy VorLmcler and Muinme, 
j5er, 1903, 36, 1470 E. Bloch, Theone ties Kahle/utoffatotns, "Wien 
and Leipzig, 1903. de Hecn, Bull.Acaci toy. Bclg., 1904, p 285. 
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THIELE'S THEORY 
[ THIELE x has studied compounds of the type 



C=CH CH=C 
R R 

md concludes that the double bonds do not represent com- 
ilete saturation of the valencies of the atoms, but that each 
torn possesses a partial valency in addition. In this way he 
nds an explanation for the fact that bromination of the 
bove group gives a double bond in the middle. Thus : 



. 

CBr CH=CH CBr 
-BC "^R 

k.n exactly similar alteration in the position of the double 
ond takes place when such a system is reduced. For 
xample, muconic acid, 

COOH-CH=CH CH=CH COOH 

r hen treated with sodium amalgam does not yield a/? hydro- 
mconic acid, 

COOH CH=CH CH a CH U COOH 
s we might expect, but the a8 acid, 

COOH CH a CHCH CH a -COOH 
Baeyer 3 has observed similar behaviour amongst the 
romatic acids. 

1 Thiele, Annaleti, 1899, 806, 87 , 308, 213. 
9 Baeyer, Annalen, 1889, 251, 271. 
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In order to represent this partial valency, Thiele proposes 
the use of dotted lines. Thus mucomc acid is written 

COOH CH=CH CH=CH COOH 

A group containing two adjoining pairs of double bonds, 
is known as a conjugated system, and it is regarded as 
probable that the two middle partial valencies saturate each 
other. Thus 

COOH- CH=CH CHCH COOH 



This leaves the a and 8 carbon atoms unsaturated, and on 
reduction or bromination, the hydrogen or bromine atoms 
combine with these, rather than with the y8y atoms. The 
partial valencies of the latter now become ordinary, thus 
giving rise to a double bond in the middle, and the double 
bonds disappear from the two sides. 

According to this notation, the formula for carbon 
monoxide becomes 



which represents the ease with which it undergoes oxidation. 

It is now well known that, in many cases of oxidation, the 
oxygen molecule as a whole combines with the oxidizable 
substance. For example, Engler and Wild 1 show that such 
is the case when the alkali metals are oxidized in the air, for a 
peroxide is invariably first formed. Thus : 

2Na + O 3 = 



Adopting Thiele's notation for the oxygen molecule, 

0=0 

it is easy to see why this should be the case. 

It is, however, when applied to the study of aromatic 



Engler and Wild, er., 1897, 30, 1669 ; but see p 100 
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compounds that Thiele's theory becomes most inteiestmg. 
There is the perennial problem as to the graphical formula 
of benzene 

Whilst that suggested by Kekuld (p. 42) is very satis- 
factory for all ordinary purposes, we are bound to assume with 
its inventor that the positions of the double bonds continually 
alternate, otherwise we are faced with the difficulty that the 
molecule is not synimetncal, and two isomenc ortho disubsti- 
tution products are to be expected 

Accoiding to Thiele's theory the formula is 



CH CH 

D 
H CH 



where the curved lines indicate the partial valencies. If all 
the bonds are regarded as equivalent, the formula becomes 




and this is symmetrical. Since the paitial valencies have here 
neutralized one another, the molecule is not to be regarded as 
unsaturated. This is in harmony with the character of the 
benzene molecule. 

Whilst Thiele's theory explains many reactions upon which 
the generally accepted views on valency can throw no light, 
a large number of facts has been accumulated, which cannot 
be reconciled with it. 

Harries, 1 for example, finds that unsaturated ketoximes and 
aldoximes can be reduced to unsaturated amines, and that 
acrolein derivatives can also be converted by the aluminium- 
mercury couple into monohydnc alcohols. Erlenmeyer junior B 

1 Harries, Annalen, 1904, 330, 185. 

B Erlenmeyer, junior, JBer., 1903, 36, 2527 ; 1904, 87, 1318. 



54 THE THEORY OF VALENCY 

has drawn attention to the fact that when cinnamylformic acid 
C B H B CH=CH CO COOH 

is reduced, it is the ketone group which is attacked, and the 
/3y unsaturated hydroxy acid results 

C 8 H B CH=CH CHOH COOH 

Hmrichsen points out that all the advantages of Thiele's 
theory are leaped if we assume that no double bonds can 
exist, but that the valencies of the carbon atom he unsaturated 
For muconic acid he would therefore write 

COOH CHCHCHCH COOH 

in which the four middle carbon atoms are tnvalent. If now 
two similar atoms, for example biomine or hydrogen, are added 
to this system, we might naturally expect them to take up 
positions as far from one another as possible. Thus 

COOH~CH a CH CH CH a COOH 

If, on the other hand, dissimilar atoms are added, or, as in 
the cases quoted by Harries and Erlenmeyer, the molecules 
are not symmetrical, we must look for a different arrangement 
But Hinnchsen's position is open to criticism. If we do 
not recognize the existence of double bonds, how are we to 
account for the isomerism exhibited by maleic and fumanc 
acids, to which the formula} 

H.C.COOH HOOC.C.H 

II and || 

H.C COOH H.C.COOH 

have been ascribed respectively ? 

If we adhere to van't HofFs conception that the valencies 
of the carbon atom are directed towards the corners of a tetra- 
hedron, we shall have to seek an explanation for the above, 
entirely different from that usually accepted. If the carbon is 
merely tnvalent there is no reason why 

HOOC.C.H 

H.C.COOH 
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should not be perpetually swinging round to 
H . C . COOH 

H . C . COOH 

and vice vcrsil, or be taking up a score of intermediate 
positions. 

Plinnchscn points out that this difficulty is removed if 
wo assume with Knoevenagel * that the carbon valencies are 
directed tow.uds the centre of the faces of the tetrahedron 
icprobcnttng the atom. The so-called double bond is thus the 
union of two atoms along a common edge. 

A full account of Werner's theory of double bonds may be 
found in Stewart's Stfieoctomtstty (this series). 

1 Knoevcnogcl, Anmilen, 1900, 311, 194. 
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THE VALENCY OF THE ELEMENTS OF GROUP O 

THE elements of this group s the so-called inert or noble gases, 
seem to be entirely devoid of chemical affinity or valency, for 
not only do they seem incapable of combining with themselves 
to form polyatomic molecules, but they are remarkably inactive 
towards all the other known elements. The name "argon" 
or "idle" is well adap'ted to the behaviour of the gas so 
christened, and would apparently apply with equal aptness 
to the other inert gases, namely helium, neon, krypton, and 
xenon. 

The fact that argon can be separated from oxygen and 
nitrogen by exposing the mixed gases to a rain of electric 
sparks, shows that it cannot be made to combine with one of 
the most electronegative of elements, namely oxygen. Red- 
hot magnesium, as strongly positive as oxygen is negative, 
has likewise no action on the gas. Sparking with hydrogen 
or chlorine yields no result, and the vapours of sulphur, 
phosphorus, sodium, and tellurium in red-hot tubes are also 
without effect. Combination could not be observed even when 
argon was subjected to the several action of red-hot sodium 
hydroxide, sodium and potassium persulphides, nascent chorine, 
and even of fluorine * itself. 

It is true that when an electric arc was formed between 

carbon electrodes in an atmosphere of argon, a slight expansion 

was observed, the final volume of gas being greater than the 

initial. Repetition of the expenment, however, showed that 

this was due to the formation of some oxide of carbon, owing 

1 Moissan, Compt. rend., 1895, 180, 966 

56 
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o the presence of traces of oxygen adhering to the carbon 
ods Treatment with ammoniacal cuprous chloride reduced 
t to its original value, and the argon was recovered un- 
Aianged. 1 

.On the other hand, Berthelot states, that, by exposing a 
nixture of benzene and argon to an electric discharge, a 
>rown resinous mass is obtained, covering the walls of the 
ube. a A similar reaction takes place if carbon bisulphide 
s used instead of benzene. Whether or no this may be 
egarded as a case of true chemical combination is doubtful 3 
Berthelot obtained similar results with helium. 

Ternent Cooke 4 has recently determined the vapour 
lensity of /me in an atmosphere of argon, and finds it to 
ie 12% higher than in nitrogen. He concludes, therefore, 
hat 7inc and argon exhibit a distinct tendency to form 

compound The same tendency is also manifested by 
admmm and helium, mercury and argon, mercury and helium, 
nd to a less extent by selenium and argon, and by selenium 
nd helium. For the present, however, the inert gases must 
>e regarded as devoid of chemical affinity in the ordinary 
icceptation of the term. 

1 Ramsay and Collie, Chem. News, 1896, 73, 259 , Proc Roy. Soc , 
896, 60, 53. 

* Berthelot, Compt lend , 1895, 120, 581, 660 and 1316 
s Berthelot, Compt ?tttd., 1897, 124, 113. 
4 T Cooke, Zett. phys Chan , 1906, 65, 537. 
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THE VALENCY OF THE ELEMENTS OF GROUP I 

As a rule the alkali metals are regarded as monovalenL This 
view was apparently justified when their hydrides were pre- 
pared, namely lithium hydride, LiH, by Glint/ in 1893, and 
the following by Moissan sodium hydride, Nail (1901); 
potassium hydride, KH (1902) ; nibidium and cresmm 
hydrides, RbH and CsH (1903). 

J. Traube l concludes that the molecule of sodium chloride 
in solution is double If we accept this view and postulate the 
stnct mono valency of chlorine, we are bound to assume that 
sodium is at least divalent. The graphical formula for sodium 
chloride thus becomes 

Na Cl 
I 
Na Cl 

As we shall see later, however, it is more reasonable to assume 
that the chlorine is tnvalent, thus : 

Na C1=C1 Na 

Geuther, u after studying the polysulphldes of the alkali 
metals, came to the conclusion that the latter could function 
as tn- and penta-valent atoms. 

1 See Hinrichsen, Ueber den gegetiwdrtigen Stand der Valentlehre^ 
Stuttgart, 1902, p. 54 

9 Geuther, Jenmscht Zatseh t (2) 8, i Suppl., p. 1 19 
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Wanklyn J believes that the graphical formulae for sodium 
and potassium hydroxides are 



Na and K 

^H ~"H 

in which both metals are trivalent. Kohler a takes exception 
to this view, however. In the potassium hydrogen fluorides, 
KHFa, KH 3 F 3 , and KH a F 4 , potassium is not to be regarded 
as tri-, penta-, and hepta-valent respectively. The halogen 
is here trivalent, the formula for the first complex being 

K-F=F H 

The correctness of this view is shown by the fact that hydro- 
fluoric acid is largely associated to double molecules, 3 HaFa, 
for which the formula 

H F=F H 

seems most probable, since hydrogen is never known to 
function as a divalent atom 

The condition of iodine and bromine dissolved in solutions 
of potassium iodide and bromide has been the subject of 
many researches. 4 Sufficient evidence has been forthcoming 
to justify us in the belief that the complexes KI 3 and KBr 3 
are capable of formation. To assume, however, that the metals 
are trivalent in these compounds would be incorrect Wells 
and Wheeler 5 have prepared and studied the mixed halogen 
compounds of rubidium and caesium, as for example rubidium 
chlorobromide, R.bClBr a . The existence of such complexes 

1 Wanklyn, Ber. t 1869, 2, 64 ; Trans Chem. Sac., 1869, 7, 199 
8 Kohler, Ber , 1870, 3, 235 ; see Gerstl, Ber , 1870, 3, 102. 

3 See Mallet, Chem. News, 1881, 44, 164 , compare Vernon, Chem 
Neivf, 1891, 64, 54 ; Thorpe and Hambly, Trans Chem Soc , 1889, 65, 
163 ; see also Chapter XVI., where full references are given 

4 See Johnson, Tians. Chem. Soc , 1877, 31, 249, Jakowkrn, Zeit 
phys. Chem., 1894, 13, 529 ; 1896, 20, 14. Dawson and his co-workers. 

Trans. Chem. Soc, 1901, 79, 238 , 1902, 81, 524, 1904. MI 79" ', 1908, 
93, 1308 ; Lachmann, y Amer Chan. Soc., 1903, 25, 50 ; Worley, Trans. 
Cheat. See., 1905, 87, 1107. 

Wells and Wheeler, Zeit. anorg Chem , 1892, 1, 85 and 442 J 1892, 

a. 255- 
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would seem to indicate that we are here dealing with so-called 
molecular compounds, and that the bromine is not attached 
directly to the metal, but to the chlorine. Thus 

Br 
Rb Cl 

^Br 

The formulae for potassium tnbromide and tn-iodide are pro- 
bably similar to this. 

Abegg and Hamburger 1 have recently studied the poly- 
iodides of the alkali metals, and have demonstrated the 
existence of the following complexes Csl, Csl,, CsT D or Csl r , 
Csr flJ Rbl, RbI 3 , RbI 7 , and RI B . It is unnecessary to assume, 
however, that the metals are other than monovalent 

Many metals are capable of forming two entirely different 
classes of salts. Copper is a case in point. It unites, for 
example, with chlorine in two propoitions, forming cupric 
chloride, CuCl fl , and cuprous chloride, which latter contains 
one atom of chlorine to every atom of copper. 

According to the doctrine of constant valency, cuprous 
chloride should have the formula 

Cu Cl 



Cu-Cl 



whereby copper still retains its divalent character. This was 
believed to be supported by the results of vapour density 
determinations effected by Biltz and V. Meyer, 3 and by V. 
Meyer and C. Meyer. 3 These investigators found that the 
vapour density of cuprous chloride at 1600-1700 C. was 
approximately 6'5 (air = i). That calculated for the formula 
CuaCla is 6 83. This remarkable agreement leaves no room 
for doubt that in the gaseous condition the salt is correctly 
represented by the double formula. 

1 Abegg and Hamburger, Ztit. anotg. CAem., 1906, 50, 403. See 
also Foote and Chalker, Amer. CAem,/., 1908, 89, 561. 
.. s Biltz and V. Meyer, Eer. t 1889, 28, 725. 

1 V. Meyer and C. Meyer, JBer,, 1879, 18, 609, ma, 1185 and 1292 
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In 1897, however, Werner 1 determined the molecular 
veights of a number of salts dissolved in various organic 
olvents, as, for example, pyndme and pipendine. The results 
.bowed that in such circumstances the molecule of cuprous 
hlonde is single, and is hence correctly represented by the 
ormula CuCl. Rugheimer and Rudolphi J have shown that 
he same is true for solutions in fused bismuth chloride (M.P. 
> 2 5-2 30 C), and E. Beckmann and Gabel 3 have obtained 
imilar results in a series of experiments carried out with 
lumolme as solvent, when the concentration of the copper 
,alt was not too great Copper must therefore be regarded 
is truly monovalent in cuprous salts, an assumption which 
ustifies its inclusion in the first column of the Periodic 
Zlassincation. 

The fact that in the vaporous state the molecules of 
'uprous chloride are double is piobably to be attributed to 
he trivalent nature of chlorme. Thus : 

Cu C1=C1 Cu 

Silver salts resemble those of monovalent copper in many 
)f their chemical properties, and certain salts of the two 
ilements are isomorphous. 4 Although two distinct classes of 
silver sails are not known, corresponding to those of copper, 
ret we have indications to prove that silver is not always 
nonovalent. 

It is well known that when silver chloride or bromide is 
jxposed to the action of light and air, chemical change takes 
Dlace, resulting in the formation of a dark substance. This 
Df course lies at the very root of our photographical processes. 
The formula given by Hodgkmson to the dark body formed 
rom silver chloride is Ag 4 OCLj, or 

Ag.AgCl 

cr 



1 Werner, Zeit. atiorg. Cketit., 1897, 15, 565 

8 Riiglicimer and Rudolpbi, Anttalen, 1905, 839, 31:. 

5 Beckmann and Gabul, Zett. anorg Chem , 1906, 51, 236. 

* Wihhcenus, Ar., 1871, 4, 63 ; M. Traube, JSff., 1886, 19, 1117. 
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in which silver functions as a divalent atom 1 Barbieri ' 
adduces further evidence in favour of divalent silvei . In the 
suboxide, Ag 4 O, 3 silver must be regarded as at least divalent, 
unless we assume that oxygen is tetravalent Perhaps, how- 
ever, this latter assumption is the more probable. 

The last element of this group to be considered is gold. 
This metal resembles copper in its power of forming two 
distinct series of salts, namely aurous and aunc In the 
aurous salts, gold is monovalent ; for example, aurous 
chloride, AuCl In the auric salts, however, it is not 
divalent but tnvalent, theieby differing from copper in the 
cupnc salts. A further distinction lies in the tendency of 
gold to form complex salts, for example, potassium auro- 
cyamde, KAu(CN) a , and potassium aunchlonde, KAuCl 4 . 
In these bodies the gold appears to be tn- and penta-valent, 
respectively. If, however, we regard them as molecular 
compounds, and write their formulae as 

AuCN.KCN and AuCl 3 .KCl 

it is clear that the gold may be merely functioning as a mono- 
and tri-valent atom, the (CN) in the former and the Cl in the 
latter having a greater valency than unity. 

The recent discovery by Pope and Gibson 4 of di-ethyl 
aunc bromide, (C a H D ).jAuBr, and mono-ethyl auric di 
bromide, (CaH D )AuBr a , would appear to fix the tnvalenl 
nature of the auric atom 

1 See The Clienastry of Photography, Meldola, 1901, p 57 

" Barbien, Attt R Accad Lincet, 1907, (v ) 18, n 72. 

1 Wohler, Annalen, 1860, 114, 119 But see Muthmann, Ber , 1887, 20, 
983 ; Friedheun, Ber , 1887, 20, 2554 , 1888, 21, 307 , Pilhtz, Zat. anal 
CJient , 1882, 81, 27 and 496 ; Spencei Newbury, Amer. Chem J., 1886, 8, 
196; Pfordten, JBer., 1887, 20, 1458, and 3375 ; 1888, 21, 2288; Bailey 
and Fowler, Trans Chem. Soc., 1887, 61, 416 

1 Pope and Gibson, Trans. Chan. Soc., 1907, 91, 2061 



X 

THE VALENCY OF THE ELEMENTS OF GROUP II 

THE valency of the first element of this group, namely 
glucinum, has already received full consideration in an 
earlier chapter. 1 Of the divalency of magnesium there can 
be no reasonable doubt. It is true that its salts show a 
great tendency to unite with water of crystallization. For 
example, from a solution of magnesium oxide or carbonate 
m hydrochloric acid, crystals of the composition MgCl a . 6H a O 
are deposited. In the presence of ammonium chloride the 
double salt MgCLj. NH^Cl. 6HnO is formed, which may be 
dehydrated on heating without decomposition of the mag- 
nesium chloride. Further heating causes the volatilization 
of the ammonium chloride, leaving a mass of fused anhydrous 
magnesium chlonde, MgClo, which congeals to a white 
crystalline solid. It is most probable that in all these com- 
pounds the magnesium is consistently divalent, but that 
the chlorine and oxygen are functioning as tn- and tetra- 
valent atoms respectively. 

Further evidence of the divalent nature of magnesium is 
afforded by its organic denvatives. Magnesium diphenyl, 13 
Mg(C H 6 ) aj is readily produced by heating mercury diphenyl 
with magnesium powder and some acetic ester to 180-185 C. 

Mg + Hg(C 8 H B ) a = MgtQH^ + Hg 

Magnesium phenyl bromide, C 8 H B . Mg . Br, better known per- 
haps as Grigmard's reagent, is readily formed by the solution 

1 See p. 25. 3 Waga, Annalen> 1894, 28)8, 329. 
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of magnesium nbbon in a mixture of broraobenzene and 
absolute ether l A similar compound, namely, C 3 H B . Mg . Br, 
is formed when magnesium is added to ethyl bromide in 
benzene solution. On warming magnesium filings with ethyl 
iodide in the absence of air, C 3 H B . Mg . I is formed, which, on 
being heated, decomposes into magnesium di-ethyl, Mg(C y H fi )j, 
and magnesium iodide, MgL. 

In all of these bodies magnesium is clearly divalent. 

The divalency of zinc is confirmed by the existence of 
the well-known alkyl compounds, namely zinc dimethyl, 
Zn(CH 3 )n, etc , which have been used to such great advantage 
in synthetic organic chemistry Should any other proof be 
necessary, it may perhaps be found in the isomorphism 
which exists to such a remarkable extent between the salts 
of zinc and magnesium 

Zinc chloride, ZnCl 2 , unites with alkali chlorides to 
form a series of crystalline double salts, having the fonnula 
ZnClfl 2 MCI, where M stands for a monovalent metal This 
is not to be attributed to the zinc functioning as a hexavalent 
atom Rather is it to be ascribed to the trivalent nature of 
chlorine Thus : 

Cl CIM 
Zn 



Kahan 2 has studied the action of zinc on ethyl iodide at 
temperatures of 100 and upwards. During the course of 
her experiments she observed that even when the zinc was 
in excess of that theoretically necessary for the complete 
decomposition of the iodide into butane according to the 
equation 

Zn + 2lC 8 H B = Znl fl + C a H B . C a H B 

still the greater the proportion of zinc employed, the greater 
was the amount of butane obtained. Kahan therefore suggests 

1 Pfeiffer andTrnskier, J5er. t 1904, 87, 1125. 
3 Kahan, Ttaits. Chem. Soc., 1908, 98, 138. 
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that part of the zinc, in addition to its two ordinary valencies, 
possesses an equal number of residual valencies Thus . 



where the dotted lines represent the residual valencies. On 
heating the zinc and ethyl iodide, therefore, di-ethyl di-iodide 
of zinc is formed as an unstable intermediate product, which 
spontaneously decomposes to zinc iodide and butane 3 accord- 
ing to the equation 

1^ ,,CH,.CH 3 

^Zn^ > Znl, + CjH,, . 

~ . CH 3 



As Kalian acknowledges, however, the assumption that 
zinc can behave as a tetravalent element is certainly unusual , 
but that in itself constitutes no argument against it. Until 
quite recently oxygen was regarded as invariably divalent, but 
we have now good reasons for assuming that it can also be 
tetravalent, as we shall see in a later chapter. 

Cadmium so closely resembles zinc m its chemical behaviour 
that we should naturally expect it to behave as a divalent 
metal This is, indeed, found to be the case. Nevertheless, 
evidence is forthcoming to show that it may also be monovalent. 
Although no subsalts are at present known, Tanatar and 
Levin 1 have obtained evidence in favour of the existence 
of a suboxide CdaO. They heated the basic oxalate and 
confirmed the constitution of the resulting suboxide by 
thermochemical measurements. Brislee 2 and Denham 8 have 
recently confirmed this result. The former studied the reduction 
of cadmium monoxide, CdO, by carbon monoxide. The time- 
reduction curve shows a distinct break at the point corre- 
sponding to the completion of reduction of the monoxide to 
the suboxide. 

1 Tanatar and Levin, % Ruts. Phys. Cfum. Soe., 1902, 84, 495. 
9 Brislee, Trans. Chem Sac., 1908, 93, 164. 
8 Denham, Irans. Chem, Sac , 1908, 93, 834. 
T.P.C. F 
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Tanatar l has chronicled the preparation of Cd 4 0, which he 
obtained by the cautious ignition of cadmium oxalate in a 
stream of carbon dioxide. This corresponds to silver suboxide 
Ag 4 0, 2 and probably contains tetravalent oxygen. In cadmium 
peroxide, CdO a , a we are probably dealing again with tetravalent 
oxygen According to the generally accepted ideas, the 
formula might also be written 

^O 

^o 

Mercury is characterized by its tendency to form two 
different classes of salts, namely, mercurous and mercunc salts. 
In the former it is apparently monovalent, and in the latter 
divalent. It, therefore, bears a strong resemblance to copper. 

The study of the valency of mercury in calomel, in which 
one atom of the metal is attached to one of chlorine, has 
proved of no little mteiest. Mitscherhch 4 found that the 
vapour density of the salt corresponded to the formula HgCl, 
in which the molecules are single. The monovalency of 
mercury was, therefore, apparently established, especially as 
similar experiments by Deville and Troost, 6 and Rieth, 6 
yielded almost identical results. 

A new complexion was placed on the matter, however, 
when Odling 7 showed that on vaporization, calomel was dis- 
sociated into mercunc chloride, HgCl a , and metallic mercury. 
This was demonstrated by the fact that, if a piece of gold leaf 
were suspended in the vapour, it amalgamated with the 
mercury and, on cooling, a residue of mercuric chlonde was 
left. This result received confirmation at the hands of 
Erlenmeyer, 8 Debray, 9 and W. Harris and V Meyer 1 " It 

1 Tanatar, Zat anorg Chem., 1901, 27, 437. 
9 Wbhler, Annalat, 1860, 114, 119 , see p 62 

3 Manchot, Ber , 1906, 89, 170, 

4 Mitscherhch, Pogg. Ann., 29, 139. 

6 Deville and Troost, Comft. rend., 1857, 45, 821. 

8 Rieth, JStr., 1870, 8, 666 

T Odling, Quart. Journ Chan Soc., 1850, 8,211. 

8 Erlenmeyer, Annalen, 1864, 181, 124 

9 Debray, Compt. rend, 1876, 88, 330. 

10 W. Hams and V. Meyer, JSer., 1894, 87, 1482 
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was clear, therefore, that this phenomenon could be better 
explained on the assumption that the salt really consists 
of double molecules, the change on vaporization being 
represented by the equation 

Hg Cl Cl 

| ^ Hg^ + Hg 

Hg Cl Cl 

Baker, 1 in a remarkable series of investigations, has shown 
that, if perfectly diy, calomel may be vaporized without 
decomposition, its density then corresponding to the double 
Formula Hg a Cl a . 

It is not improbable, however, that in the mercurous salts 
he metal is truly monovalent, just as copper appears to be in 
he cuprous salts. The association of mercurous chloride to 
double molecules in the vapour state, is to be attributed to the 
tnvalent nature of chlorine, and the formula becomes 

Hg C1=C1 Hg 

In mercuric compounds, the metal is truly divalent. This 
s definitely proved by the organic derivatives. When sodium 
imalgam is allowed to act on bromobenzene, C 6 H Br, in 
jenzene solution, mercury diphenyl, Hg(CoH c )a, is formed in 
:olourless rhombic prisms, which turn yellow in sunlight. a 

2C H B Br + HgNaa = Hg(C H c ) a + 2NaBr 

[n this compound mercury is clearly divalent, as also in 
nercury di-ethyl, Hg(C.jH 6 ) u , which admits of preparation in 
in analogous manner.- 1 

With regard to calcium, strontium, and barium, there is 
ittle to be said, for each metal reacts uniformly as a 
livalent atom. Strontium ammonium decomposes slowly in 
>aato at 20, leaving a residue of strontium amide, Sr(NHa) a . 
3y the action of carbon monoxide on strontium ammonium, a 
:arbonyl derivative, Sr(CO)a, is obtained.* 1 In this latter 

1 Baker, Trans. CAeat. Sac,, 1900, It, 646. 
8 See Otto and Dreher, Annalen, 1870, 154, 93. 

3 Compare Buckton, Proc. Roy. Soc , 1859, 9, 309. 

4 Roederer, JSull Soc, chim.> 1906, (m.) 35, 715 
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compound strontium might be considered as tetravalent. I 
is more probable, however, that its molecule is represented bj 
the scheme 

CO 

S O 

CO 

in which the metal appears as a divalent atom (compare 
nickel carbonylj 



XI 

THE VALENCY OF THE ELEMENTS OF GROUP III 

HE only non-metallic element of this group is boron, which 
generally regarded as tnvalent. 

The fluoride 1 unites with a molecule of hydrofluoric 
:id to form hydrofluobonc acid, HBF 4 , in which boron 
jparently functions as a pentavalent element. We have no 
oof, however, that such is the case, and, as we have akeady 
en in an earlier chapter, fluorine is not always monovalent. 
is not improbable, therefore, that hydrofluobonc acid is 
presented by the graphical formula 

F 

B F=F H 



In boron tnmethyl, B(CH 3 ) 3 , and boron tri-ethyl, B(C a H B ) 8 , a 
e element is decidedly trivalent. But these bodies possess 
e power of combining with potassium hydroxide and with 
nmonia to form B(CH 3 ) 3 : KOH and B(CH B ) 3 : NH 3j where 
>ron is evidently pentavalent. 

With regard to the valency of aluminium opinion seems to 
3 divided. Buckton and Odlmg 8 showed that one atom of 
jminium can combine with three methyl or three ethyl groups 
siding alkyl derivatives, whose vapour consists of the simple 

1 Gay Lussac and Thenard, Ann Chtnt. Phys , 1809, 69, 204 
a Frankland, Anttalert, 1862,124, 1*9 ; Jahruber , 1876, p. 469 , Phil 
WIT., 1862, 153, 167. 
3 Buckton and OdHng, Anttatat, SupjL (4), 112; Proe Roy. Sac., 

5S, 1*. 19. 
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molecules A1(CH 3 ) 3 and A1(C 2 H 5 )3 respectively. In these com- 
pounds the valency of aluminium is obviously three. 1 Combes 
studied the aluminium derivatives of acetylacetone, and his 
results point to the same conclusion. Deville and Troost, 3 
however, called attention to the fact that, in the vaporous con- 
dition, the halogen salts of aluminium consist of double mole- 
cules, thus Al a Cl6, AlaBr,,, and ALjT Fnedel and Crafts 3 
obtained similar results by employing Dumas' method at tem- 
peratures ranging from a 18 to 432 C. Nilson and Pettersson, 4 
however, pointed out that these results were only true at 
certain temperatures. 

Whilst the density of aluminium chloride, as observed by 
Deville and Troost, is 9*20 between 350 and 440 C., exactly 
corresponding to that required for the double formula, at lower 
temperatures the density is greater, and less again at higher. 
It is clear, therefore, that the vapour of the salt at the lower 
temperatures consists of unstable associations of molecules, 
which gradually dissociate as the temperature rises, until at 
about 800 dissociation is complete. At this temperature the 
vapour density is 4' 60, which is exactly the value calculated for 
the simple molecules A1Q 8 . Above 800 the density remains 
constant as, indeed, we should expect The equilibrium exist- 
ing between the molecules below 800 may, therefore, be 
expressed by the equation 

(AlCy. ^ (A1C1 3 ) 

Are we, however, to assume that in the double molecules, 
Al a Cl 6 , aluminium is functioning as an atom of higher valency 
than three ? 

Hinnchsen 6 answers this question in the affirmative, and 

1 At lower Lempeiatnres aluminium tnmethyl exhibits a slight but 
decided tendency to associate to double molecules See the criticism of 
Williamson, Proe Roy. Soc., 14, 74 

a Deville and Troost, Compt. rend., 1857, 45, 821 ; Ann. Chtm.Phys., 
1860 (3), 68, 257. 

3 Fnedel and Crafts, Compt. rend., 1888, 106, 1764 

* Nilson and Pettersson, Zett. phys. Chem , 1887, 1, 459 { 1889, 
4, 206 

8 Hinnchsen, Ueber dm gegenwarbgen Stand der Valtnzlehre^ Stuttgart, 
1902 p. 59 



VALENCY OF THE ELEMENTS OF GROUP III 71 

suggests that the metal is either tetravalent or pentavalent. 
Thus . 

=A1 Al= or =AJ=A1= 

It is more probable, however, that the halogens are the real 
cause of the association, just as was suggested in connection 
with cuprous and mercurous chlorides. The formula then 
becomes 

Cl^ Cl 

II A1-CI=C1 Al || 

cr ^ci 

and it is easy to see how association to still higher complexes 
can take place without attributing to aluminium a higher 
valency than three. 

With regard to gallium chloride there was for several years 
a good deal of uncertainty l Whilst some chemists regarded 
its molecule as double, namely GaaCl B , others maintained that 
it was more correctly represented by the single formula GaCl a . 
This uncertainty arose from the fact that the vapour density 
determinations by Dumas' method always gave higher values 
than those obtained on Dulong's principle at the same 
temperatures. 

An explanation for this apparent anomaly is to be found in 
the fact that dissociation depends not only upon temperature, 
but also upon pressure as we should expect from the kinetic 
theory. Consequently dissociation is more advanced at a 
particular temperature when the salt is evaporated in an 
atmosphere of an mdifferent gas, than is the case with the 
displacement method. 

Nilson and Pettersson 3 showed that two chlorides of 
gallium exist in the vapour state, namely 

GaCl a and GaCl B . 

This proves that gallium can act both as a divalent and as 
a trivalent atom. 

1 See Lecoq de Boisbaudran, Coatpt. rend., 1881, 93, 329 , Fnedel 
and Crafts, Cotnpt. rend., 1888, 107, 306. 

8 Nilson and Pettersson, Zat. ftys. Chan,, 1887, 1, 459. 
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The case of indium is no less interesting Victor Meyer 1 
showed that when vaporized the molecules of its trichloride 
were single, namely InCl 8 . Nilson and Pettersson extended 
these results 3 and made the discovery that no fewer than 
three chlorides of indium can exist in the gaseous state, namely 

^Cl ^Cl 

In Cl, In and Cl In 

"Cl "Cl 

It is true that the mono- and di-chlondes are excessively 
unstable. In contact with water they form the trichloride, and 
indium is precipitated. Nevertheless they are true compounds 
and the metal is apparently functioning as a mono-, di-, and 
tri-valent atom respectively. 

The last element of this group to be considered is thallium, 
discovered by Crookes in 1861. This metal resembles gold 
in that it is able to form two classes of salts, namely thallous 
and thalhc, in which it functions as a monovalent and tnvalent 
atom respectively. This is clear from a study of the chlorides. 
When hydrochloric acid is added to a solution of a thallous 
salt, a white, curdy precipitate of thallous chloride, T1C1, is 
obtained, reminding one very strongly of silver chloride. 
Here the atom is decidedly monovalent. Thalhc chloride, 
T1C1 8 , is formed by passing chlorine through water in which 
thallous chlonde is suspended. On evaporation in vacua, 
crystals of T1CI 3 . 2H 2 are obtained. Here the thallium 
is clearly tnvalent, unless indeed we assume that the water 
of crystallization is attached directly to the metal, when a still 
higher valency must be attributed to it. This is scarcely likely 
to be the case, however, for thalhc nitrate can be deposited as 
colourless crystals containing no fewer than eight molecules of 
water. Thus : 

T1(N0 3 ) 8 .8H B 0. 
Maitland and Abegg 8 point out that the tri-iodide, Tllj, may 

1 V. Meyer, JBer , 1879, 1!3 , 611 and 1199 

a Nilson and Pettersson, Trans CAem. Soc. t 1888, 53, 814 ; Zeit 
fhys. Chem , 1888, 2, 657. 

* Maitland and Abegg, Zed. anorg. CAm., 1906, 49, 341. 
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be regarded as a tautomeric substance since it reacts in solution 
either as a compound of monovalent thallium with the complex 
I 3 ion, or as an iodide of trivalent thallium, according to the 
nature of the substance with which it is brought into contact. 
From solubility considerations and the fact that a change 
in the composition of the solid substance in equilibrium with 
the solution produces only a comparatively small change in 
the thallous iodide concentration, it would appear that T1I 8 is 
essentially a thallous compound This is in agreement with 
the observed isomorphism existing between thallium, rubidium, 
and oesium tri-iodides. We may therefore ascribe the 
structural formula 



to thallium tn-iodide. 

The trivalent nature of thallium is confirmed by preparation 
of its di-ethyl chloride derivative, Tl(CaH B ) a . Cl, which is formed 
when zinc ethyl acts on thallium chloride. Double decom- 
position of this body with silver salts yields thallium di-ethyl 
salts. If the sulphate is prepared and decomposed with 
barium hydroxide, thallium di-ethyl hydroxide, Tl(CcH s ) a . OH, 
is obtained which crystallizes from water in glistening needles, 
/and exhibits a strongly alkaline reaction. 

The recent researches of Denham, 1 seem to indicate that 
a subyalent thallium ion, Tb can exist in solution, and it is 
suggested that an explanation for the darkening action of light 
on the haloid salts must be sought for in this direction. 

1 Denham, Trans. Chan. Soc,, 1908, 93, 835. 
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THE VALENCY OF THE ELEMENTS OF GROUP IV 

To a consideration of the valency of the first element of this 
group, namely carbon, we have already devoted an entire 
chapter. 1 

As early as 1863 Wohler drew attention to the remarkable 
resemblances which exist between carbon and silicon. Of the 
tetravalent nature of the latter element there can be no reason- 
able cause for doubt. The hydride, SiH 1} and fluoride, SiFj, 
have long been known 2 The latter substance reacts with 
water, whereby silicic and hydrofluosilicic acids result, 

3 SiF 4 + 3 H.,0 = 2 HaSiF,, + HaSiOa 

In hydrofluosihcic acid, silicon appears at the first blush to 
be exerting eight valencies. It is more probable, however, 
that the fluorine is here trivalent Thus : 

H 

I 
F^ 

R F=F H F^ F 

ii ^s< or r s o 

F F=F H F^ F 

"V 
I 
H 

where the atoms are arranged in a ring. 

1 See Chapter VI. 

9 Gay Lussac and Thenard, Gtlberfs Ann., 1809, 33, i. 
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Silico-chloroform, SiHCl-,, 1 is obtained by the action 
of hydrochloric acid on copper sihcide, and cooling the 
resulting products m liquid air. With ammonia, silicon 
nitrogen hydride, SiNH, is produced, the analogue of hydro- 
cyanic acid, CNH. 

Ruff and Albert 3 have further succeeded in preparing 
silico-fluoroform, SiHF.,, by the interaction of silico-chloro- 
form and stannic fluoride. With alcohol, ethyl orthosilicate, 
Si(OCjH n ) 4 , is formed whilst with ether it yields ethyl ortho- 
silico formate, SiH(OC a H D ),. 

Silicon tetra-iodide, SiI 4 , and sihco-iodoform, SiHI a , are 
prepared by the action of iodine and hydriodic acid on heated 
silicon. 1 The biomo-iodide of silicon, SiBr 3 I, boiling at 200, 
is obtained by the action of bromine on silicon tetia-iodide. 

The work of Fnedel and Crafts 4 is interesting in this 
connection These investigators have shown that when 
anhydrous alcohol is allowed to act on excess of silicon tetra- 
chlonde, a series of well-defined chlorohydrins is obtained. 
The composition and vapour densities of these bodies show 
that they are correctly represented by the formulse 

SiCl(OEt) J? SiCL/OEt).,, and SiClj(OEt). 

In all of these compounds silicon is clearly tetravaleni. 
During the past few years the list of organic compounds of 
silicon has been largely increased by the researches of Laden- 
burg and others, and especially by those of Kipping and his co- 
workers." The persistent efforts of Kipping to obtain optically 
active derivatives of silicon have at last been rewarded with 
success, and the analogy between this element and carbon is 
thus made complete. 

With regard to titanium there is less to be said. The 
existence of such compounds as the hydride, TiH^ 6 the 



1 Fncdel and Ladenburg, Bull. Soc. cAtm., 1867, (2) 7, 322, Ruff 
and Albert, J5er., 1905, 38, 2222. 

a Ruff and Albert, Her , 1905, 38, 53. 

8 Friedel, Bull. See. ehtm., 1868, (2) 9, I. 

4 Friedel and Crafts, Compt rend., 1863, 66, 324 ; 57, 319. 

8 Kipping, Trans. Ckem. Soc, } 1908, 98, 457, 439, and 198 ; 1907, 91, 
726 and 209 ; 1901, 79, 449. 8 Renz, Ber , 1906, 39, 249. 
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tetrafluoride, TiF^ 1 and the tetramide, Ti(NHj) 4 , a confirm the 
tetravalent nature of this element. 

Faber 3 has recently discussed hexavalent titanium. A 
hexa-acetate is knovra, which is stable at low temperatures. It 
is yellow, and insoluble m acetic acid On heating it exhibits 
a decidedly explosive character A phosphate of hexavalent 
titanium is given the formula 

OH 

O=P O^Ti^OH 
O OH 

but this is open to criticism. 

The next element, germanium, was discovered in 1886 by 
Wmkler. Its existence had already been predicted by 
Mendele'eff in 1871, under the name of eka-silicon. Like 
silicon, germanium readily forms the tetra-ethyl compound 
Ge(C 2 Hs) 4 ,* which is a liquid boiling at 160 C. This, 
together with the volatile tetrafluoride, GeF 4 , suggests the 
tetravalency of the metal In 1887, Nilson and Pettersson 5 
showed from vapour density considerations that the formula 
to be attributed to germanium chloride is GeCl 4 . 

In view of these results it is more reasonable to assume 
that in KgGeF 6 , as in the analogous compound of silicon, we 
are dealing with bivalent fluorine. Thus : 

K 



F^ F=F K F 

II ^.Ge^ or I 

F F=F K F 

F""" 

I 
K 

1 Emnch, Monatsh., 1904, 85, 907 ; Ruff, Plato, and Graf, J3er., 1904, 

37, 673- 

8 Stabler, Ber., 1904, 37, 4405 ; Stabler and Wirthwean, Ber. t 1905, 

38, 2619. 

3 Faber, Zett euutl CAem., 1907, 46, 277. 

' Wmkler, J pr. Ch*m., 1887, (2) 36, 204. 

* Nilson and Pettersson, Zett. phys. CAetrt., 1887, 1, 27. 
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milar explanation holds in the case of potassium fluo- 
2, K-jSnF,,, 1 since the tetravalency of tin is pioved by 
stence of such compounds as SnCl 4 , SnBr 4 , 2 SnF 4 ,' 
) 4 , 4 and Sn(C 8 H D ) 4 . G 

stannous chloride, SnClu, tin functions as a divalent 
It is well known, however, that this salt foims an 
it reducer owing to its tendency to unite with more 
2. Thus, meicunc chloride can by its agency be 
ively reduced to mercurous chloride and metallic 
y, according to the equations 

2HgCl a + SnCL = 2HgCl + SnQ, 
2 HgCl + SnCl, = 2Hg + SnCl 4 

rgunoft" has shown that each pair of valencies of the 
m is equivalent to the other. Thus, on treating the 



'dimethyl compound, Sn ^ , with zinc di-ethyl, 

^ 



Ifi) a , the same tetra-alkyl compound, Sn^ , is ob- j 

(C a H c ) 2 

as by treating the di-iododi-ethyl compound, Sn". 

nc methyl, Zn(CH 3 )e. 

1900, Pope and Peachey 8 succeeded in preparing an 
ly active tin derivative. Inactive methylethylpropyl 

iodide, 

CE Sn-" C ' H ' 



1 See Kowalewsky, Znt. anorg. Ckem., 25, 189 

B Lorenz, Zat. anorg. Chem , 9, 365 ; 10, 44. 

J Ruff, Plato, and Graf, JBer., 1904, 37, 673. 

* Buckton, Proc. Roy Soc , 1859, 9, 309. 

* Polis, ffer., 1889, 28, 2917. 
Rieth, JSer., 1870, 3, 668. 

* Morgunoff, Annalett, 1867, 144, X57. 

8 Pope and Peachey, Proc, Chem. Sot., I9> 18 4 and n6 
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was first isolated as a yellow oil, practically insoluble in water, 
and boiling at 270 C. Treatment with the requisite quantity 
of silver if-camphorsulphonate yielded an active crystalline salt, 
with [M] D = +9 5- PP e an d Neville, 1 therefore, suggest that 
the tetravalent tm atom resembles carbon in the arrangement 
of its valencies a view in favour of which much may be 
said. 

The existence of zirconium tetrafluonde, whose vapour 
density corresponds to the formula ZrF 4 , proves the tetra- 
valency of zirconium. 2 

Not less interesting is the behaviour of lead This metal 
usually functions as a divalent atom. Thus, in qualitative 
analysis it is usually precipitated as the dichlonde, PbClg, or 
as sulphide, PbSj and it is quantitatively estimated as sulphate, 
PbSO 4 . Furthei, the isomorphism existing between the last- 
named salt and the sulphates of barium and strontium confirms 
the divalent nature of lead. Also, F. M. Perkin s has recently 
prepared lead ethoxide, Pb(OC a H 8 ) a , by the action of ozone 
and absolute alcohol on thin lead sheets 

Nevertheless, a considerable body of evidence has been 
collected to show that lead may also be tetravalent, and this 
justifies its inclusion in the present group. 

In 1893, Fnedrichs 4 prepared the tetrachlonde, PbClj, 
and Hutchinson and Pollard 8 isolated the tetra-acetate and 
tetrapropionate. 

The most convincing proof, however, lies in the prepara- 
tion of lead tetra-ethyl, Pb(C 3 H B ) 4 , 6 and lead tetraphenyl, 7 
Pb(C 6 H D )4. This last-named body is readily obtained by 



1 Pope and Neville, Trans Chem Soc., 1902, 81, 1552 

a Wolter, Chem. Zett., 1908, 82, 606; compare Mangnac, Jahresber., 
i860, p. 136 

3 Peikin, five. Chem. Soc , 19085 84, 179 

* Fnednchs, Ber , 1893, 26, 434. 

8 Hutchinson and Pollard, Trans Chem Soc., 1893, 63, 1136 

fl Ghira, Ath Roy. Acad Ltnca, 1893, (5) 2, 11, 216 ; Buckton, Proc. 
Roy. Soc., 1859, 9, 309 

; Michaelis and Fobs, JBer , 1887, 20, 716 and 331; PfeifTer und 
Truskier, Bfr.^ 1904, 37, 1125. 
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mixing Gngniard's reagent, CH . Mg . Br, with lead dichloride 
at ordinary temperatures. Thus . 

2PbCl a +4C H MgBr=Pb+Pb(C H D ) 4 +2M g Cl 2 +2MgBr a 

Recent research points very clearly to the fact that lead can 
function as a monovalent atom also. The existence of lead 
suboxide, Pb a O, has been rendered tolerably certain by the 
experiments of Tanatar. 1 This body, of course, might be 
represented by the formula 



Pb 

in which the lead is clearly divalent (compare cadmium) 
Bnslee 2 has also been led to believe that lead can function 
as a monovalent atom by a study of the reduction of lead oxide 
by carbon monoxide. The experiments of Denham and 
Allraand 3 lend further support to this view It would seem, 
therefore, that the power of lead to function as a mono-, di-, 
and tetra-valent element has been demonstrated. 

The tetravalency of the last element of this group, namely 
thorium, is proved by the results of vapour density determina- 
tions of the tetrachlonde, 4 which show that its formula is 
ThCl 4 . The hydride, ThH 4 , has also been isolated. 

The element cerium was originally placed in this group by 
Mendele'eff, on account of its tendency to form tetravalent 
derivatives. The correctness of this procedure has been called 
into question by several chemists, who argue that cerium more 
properly belongs to the third group, along with aluminium and 
gallium, owing to the greater stability manifested by the cerous 
salts. Barbien" points out, however, that it is not strictly 
accurate to say that the cerous salts are stable, and that the 

1 Tanatar, Zeit. anorg Chem , 1901, 27, 304. 
a Bnslee, Trims. Chem Soc , 1908, 93, 154 

3 Denham and Allraand, Trans. Chem. Soc., 1908, 93, 425 ; Denbam, 
Turns. Chem. Soc , 1908, 93, 834 

* Kruss and Nilson, Ber , 1887, 20, 1665 ; Traost, Compt raid., 1885, 

101, 360- 

Barbien, Atti K. Accad. LHICCI, 1907, (v.) 16, i., pp 395, S 2 S "* 6 44- 
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eerie salts are not. It is really the ion Ce ' which is unstable, 
being readily transformed into the ion Ce \ It appears that, 
in alkaline solution, in which cenc ions cannot exist, cenc 
compounds are stable, whereas cerous compounds act as 
reducing agents. At present, therefore, there can be no 
reasonable doubt that cerium properly belongs to the fourth 
group in the Penodic Table 1 

1 See also Morgan and Cahen, 7> ans Ckem Sac , 1907, 91, 475 , 
Wolff, Zeit. anorg CJieni , 1905, 45, 89 



XIII 

THE VALENCY OF NITROGEN 

THE study of the valency of nitrogen is one of particular 
interest and importance. One might imagine that such an 
inactive gas as nitrogen is, in its behaviour towards oxygen, 
hydrogen, and chlorine, would be incapable of forming' stable 
compounds with other elements, in other words, that its 
valencies would be exceedingly weak. This, however, is not 
the case. 

The simplest hydride of nitrogen is ammonia, NH 3l in 
which nitrogen functions as a trivalent atom No other 
hydride is known containing more than three atoms of hydrogen 
for every atom of nitrogen. Kekule*, therefore, assumed that 
this element was trivalent. 

In ammonium chloride, however, the atom of nitrogen is 
apparently pentavalent. Kekule" argued that this salt is really 
a molecular compound, the formula for which would be more 
correctly written as NHj . HC1. Deville and Troost 1 showed in 
1862 that its vapour density was approximately half that 
required by theory, and Pebal a and Than 3 proved that this 
was caused by its dissociation into ammonia and hydrochloric 
acid. In this way Kekul^'s view was apparently proved to be 
correct. Deville considered that the dissociation was the 
result of contact action between the vaporized salt and the 
asbestos used in the experiment. Than showed, however, that 
when a porous diaphragm was substituted for asbestos, dis- 
sociation stall took place. He further drew attention to the 

1 Seville and Troost, Annalen, 1863, 128, 199. 

9 Pebal, Annalen, 1862, 123, 193. 

Than, Annalen, 1864, 131, 138. 
T.P.C. 8 1 G 
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fact that when the two gases, ammonia and hydrod 
were mixed at 350 C , no contraction or expansion 
This, at the first blush, seems to be in direct ant 
the results obtained by Deville, who caused the tv 
mix in a vessel heated by the vapour of boiling m 
observed a nse of temperature. But, as Ramsay a 
have shown, the vapour density of ammonium chic 
with the pressuie as well as the temperature C< 
the experiments of Deville and Than are not comp- 

In a series of remaikable investigations, Baker * 
that ammonium chloride, when perfectly dry, may b 
without dissociating, a result which F. Johnson J h 
confirmed. This establishes the pentavalency of ni 

In nitric oxide, NO, whose molecules aie singl 
ratures as low as 100 C , the valency of nitroge 
depends on that of oxygen. As we shall sec 
chapter, oxygen can function as a tetravalent atx 
Chapter XIX. reasons are adduced to show that in J 
we have the first example of tetravalent nitr* 
efforts to obtain other derivatives of tetravalent nitr 
up to the present, resulted in failure. 

In 1906, Raschig 4 believed that the potassj 
peroxylaminesulphonic acid 

KO . SO fl ^ 

N : 
KO . SO B 

was the first definitely established example of 
nitrogen. Haga, however, doubles the formula, tin 

KOSO U JSOgOK 

\N~0-0 N< 
KOSO/ SO a OK 



1 Ramsay and Young, P/uZ. Trans., 1886, 177, (i) 

a Baker, Trans. Chem. Soc., 1894, 65, 612. 

8 F Johnson, Zeit.pAys Chem., 1908, 61, 457. 

4 Rascliig, Ser., 1906, 39, 246. 

8 Haga, Trans. Chem. Soc., 1904, 85, 78 
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Piloty and Schwenn, 1 give as the formula of porphyrexide 
alternative schemes 



(CH 3 ) 3 :C N O 

C:NH and NH 3 . C NH 



NH : C NH 

i which tetravalent nitrogen is present in the form of =N : O. 
o far as the present author is aware, these results have 
tot received confirmation. 

When sodium amalgam is thrown into a solution of 
mmomum chloride, the sodium dissolves, and the mercury 
wells up to an enormous spongy mass. After a few minutes, 
Luring which ammonia and hydrogen gas are evolved, the 
nercury contracts and regains its original volume. This 
pongy mass is frequently spoken of as ammonium amalgam, 
nd by many it is supposed to be a solution of ammonium, 
<JH 4| in mercury. The equation representing the change may 
ie expressed as follows . 

HgNaj + 2NH 4 C1 = Hg(NH,) s + aNaCl 
irhere, for the sake of simplicity, it is assumed that sodium 
nd ammonium amalgams have the general formula HgM a . 

It is found, however, that the sponge-like mass, when 
ubjected to changes of pressure, contracts and expands in 
onformity to Boyle's Law. Many chemists therefore believe 
hat it is simply a solution of ammonia and hydrogen gases 
a mercury, and no amalgam at all A decisive solution of 
he problem has yet to be found. a 

Werner writes the formula for ammonium chloride as 

H 3 N ...HC1 
vhere the dotted line indicates an auxiliary valence. Here 

1 Piloty and Schwerm, JBer., 1901, 34, 1884 and 2354. 

a See, Le Blanc, Zeit $hys. Chem , 1890, fi, 467 , Pocklington, Zeit. 
3kctro-cAemte, 1899, 5, 139 ; Coehu, Zeit, anorg. Chem , 1900, 25, 425 ; 
iuff, Ber,, 1901, 84, 2604 j Rich and Travers, Trans, Chetn. Soc , 1906, 
9, 872 , Travetb, J3er., 1907, 40, 3949 ; Smith, ibid., pp 2941, 4298, and 
893 ; Franklin, /. Am<.r. ChetH Soc , 1907, 29, 35 ; MoiHsan, Compt 
end, 1907, 144, 790. 
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the nitrogen is represented as tetravalent There are, however, 
several objections to this formula, as we shall see in a later 
chapter l 

In such complexes as NH 4 V N(GH 8 ) 4 I B , 8 C B H B NIC1HC1, 4 
C a H B (CH a ) a . C a H B . NCI . IC1 3 and others of a similar nature, 
nitrogen might appear to have a valency varying from five to 
nine. It is more reasonable to suppose, however, that nitrogen 
is but pentavalent, and that the iodine and chlorine have, in 
these cases, a greater valency than unity. From the foregoing 
it is clear that the valency of nitrogen varies from three to 
rive. And only in very exceptional cases does it appear to 
be four. 

We have every reason to believe that the three valencies of 
tnvalent nitrogen lie in one plane, since all attempts to prepare 
optically active derivatives of the type 



have failed." 

On the other hand, active derivatives of pentavalent nitrogen 
have been prepared. Thus Le Bel 7 m 1891 was able to 
discover a slight activity by allowing mould to act on dilute 
solutions of methylethylpropybwbutylammonium chloride. 
Since then many other active compounds of pentavalent 
nitrogen have been prepared, a fact which apparently proves 

1 See Chapter XVIII. 

8 Abegg and Hamburger, Zett. anorg. Chem., 1906, 50, 403. 

Weltzien, Annalen, 1854, 91, 41. 

* Ostermeyer, Chem. Zentr , 1884, 15, 939. 

8 E. A. Werner, Trans. Chan Sac., 1906, 89, 1630. 

8 See, V. Meyer, Ber , 1890, 23, 567 , KraffL, e>., 1890, 23, 2780 ; 
Behrend and Komg, Annalen, 1891, 263, 175 ; Ladenburg, Bo , 1893, 
26, 864 , Fischer, Ber , 1899, 32, 2470 , Reychler, Bull. Soc. ehim., 1902, 
(3) 27, 979 j Jones and Millmgtou, Proe. Camb Phil. Soc , 1904, 85, 438 ; 
Kippmg and Sal way, Trans. Chem. Soc., 1904, 85, 438. 

7 Le Bel, Compt. rend, 1891, 112, 724. See also Le Bel, Comp. raid , 
1904, 129, 548, Pope and Peachey, Trans Chen. Soc,, 1899, 75, 1127 ; 
Pope and Harvey, ibid., 1901, 79, 828 ; Jones, ibid , 1903, 83, 1418 ; 1904, 
85, 223; 1905, 87, 135 , Wedekmd, a., 1904, 37, 2727 , Thomas and 
Jones, Trans. Chem. Soc., 1906, 89, 280 ; Frbhch, Ber., 1906, 39, 4437 
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that the fourth and fifth valencies of the nitrogen atom he 
in a different plane from the other three l 

On mathematical grounds it is clear that if the five 
valencies of nitrogen do not lie in one plane, they cannot 
all be similar. If we imagine that the five radicles attached to 
the nitrogen he on a sphere, two courses are open to us. We 
may assume that the positions are interchangeable, in which 
case no isomensm of the type NRoR' a Cl becomes possible. 
On the other hand, if the positions are regarded as fixed and 
invariable, we should expect isomers to be formed. 

In order to settle this question, Victor Meyer^and Lecco, a 
studied the mixed methylethylammomum derivatives. They 
found that the same compound was formed by acting on 
dimethylamme with ethyl iodide 



(CH 3 ) J NH + aCaH,! = (CH B ) a N(C 3 H B ) a I + HI 
as by the action of di-ethylamme on methyl iodide, 

(C a H fl ) a NH + aCHal = (CaH,) 3 N (CH 3 ) a I 4- HI 



This result is usually accepted as a proof that ammonium 
compounds are atomic combinations, and not mere molecular 
associations as Kekulif suggested. Further, the equivalence 
of four of the valencies of the nitrogen atom is regarded as 
demonstrated, namely those by which the alkyl groups are 
attached. 

Lessen, 1 however, very correctly draws attention to the 
fact that these results are not necessanty conclusive, but will 
bear another interpretation. It is quite possible, he argues, 
that during the reaction the groups undergo rearrangement 
to a favoured position, and hence the same compound always 
results. He further points out that no arguments based on 

1 It is not necessary to give in detail the experimental work, as this 
would be beyond the scope of the present volume A very excellent 
summary will be found In Dr. Stewart's book, entitled Stereochemistry 
(this series), Longmans and Co., 1907. 

2 V Meyer and Lecco, Annalm t 1876, 180, 173 ; Ber , 1876, 8, 233, 

3 Lessen, Annalen, 1876, 181, 364 
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crystalline structure are conclusive, for there is no reason 
why two isomers represented by the formulae 

(CH 8 ) a N(C 2 H fi ) a I and (C a H c ) a N(CH 8 ) a I 
respectively, should not be isomorphous. If, now, we assume 
that isomensm is impossible when the radicles attached to the 
nitrogen are light, owing to the interchangeability of then 
positions, yet it is quite possible for isomensm to occur when 
heavy radicles are introduced into the molecule, for then the 
positions might less easily be interchanged. 

Wedekmd 1 was of the opinion that isomenc forms of 
phenylbenzylmethylallyl ammonium iodide were obtained 
when allyl iodide was allowed to interact with benzylmethyl 
aniline, and methyl iodide with benzylallylanilme. Jones' 
has shown, however, that the supposed isomende from the 
latter reaction is in reality phenylbenzyldimethylammonium 
iodide. 

Le Bel 8 examined a whole series of mixed ammonium 
platmic chlorides belonging to the cubic system, in order tc 
determine the stages at which the cubic symmetry vanishes, 
He found that whilst tnmethylpropylammoniumplatinichlonde 
was cubic, the z^butyl compound was dimorphous. The 
question is, Are these derivatives isomers, or simply cases 
of dimorphism, such as that exhibited by calcium carbonate r 
Le Bel * is now inclined to the latter view. 

Schryver 6 has extended Le Bel's work by showing thai 
two platinum salts of methyldi-ethyksvamylammomum chloride- 
can be isolated. Ladenburg 6 made a study of the benzy 
ethyl ammonium derivatives, and showed that the bodj 
obtained by the action of benzyl chloride on tri-ethylamme 
and subsequent replacement of the chlorine by iodine 
(G,H D ) 2 N(C B H ) + CH B . CH a Cl > 

(C a H c ) B N(C a H B )(C H a .CH a )] 

1 Wedekmd, Ber , 1899, 32, 517 

8 Jones, Trans CAem Sot , 1905, 87, 1721 

3 Le Bel, Compt rend , 1890, 110, 145 , 1893, U8, 513 

4 Le Bel, / Chun Phys , 1904, 3, 340. 

B Schryver, Proe. CAem Sac., 1891, 7, 39. 
Ladenburg, Set-., 1887, 10, 43 and 1634. 
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is not identical with that produced by the combination of 
ethyl iodide and di-ethylbenzylamme 

(C a H D . CH 2 )(C a H B )N(C a H B ) + Q.H.I > 

(C fl H D . CH 2 )(C 3 H B )N(C 2 H D ) 2 T 

For the former body on treatment with hydnodic acid 
readily parts with benzyl iodide. Not so the latter 

It is not impossible, therefore, that when benzyl chloride 
acts on tri-ethylamme, the complex 

(C,H D ) 3 N=C1(C H .CH 3 ) 

is obtained, analogous to H 3 N==CIH to which attention is 
directed in a later chapter. 1 The iodine compound derived 
from it will therefore have a similar structure, namely 

(C 2 H ) 3 N=I(C H B .CH a ) 

The existence of these two isomers may therefore be re- 
garded as evidence in favour of the assumption that in many 
cases, particularly with chlorine, when additions are made to 
trivalent nitrogen, so-called molecular compounds are first 
formed, which then may or may not undergo rearrangement to 
atomic compounds. 

The second of Ladenburg's compounds will evidently have 
the formula 

C H n CH 2 
(C 2 H fl ) 3 N 



In order to explain the differences between the fourth and 
fifth valencies, van't Hoff a supposes that the nitrogen atom 
lies inside a cube, towards five corners of which its valencies 
are directed. It is clear that by suitably choosing the position 
of the point representing the nitrogen atom, three of the 
valencies may be made equal in value, the remaining two 
being different both from themselves and from the other two. 

1 See Chapter XIX. 

9 Van't Hoff, Anstchten liter die organische Chemte, p. 79. 
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Willgerodt, 1 Burch and Marsh, 2 Behrend, s and Bdhal * ha^ 
suggested somewhat similar ideas. 

The views of H O. Jones 5 are of interest since they a, 
based on stereochemical considerations. Jones takes exceptic 
to van't HofPs representation of the fourth and fifth valencie 
on the ground that if one of the valencies were predestined i 
become attached to an alkyl group, and the other to tl 
negative radicle, then only one of the two optical isome 

This, 
x 

-^'* 
"N" 



known could he produced. 




however, is contrary 1 

x 

i 

d 



{Front Stewart's "Stereochemistry ") 
FIG. 2. 

experience, for the d and / isomers are produced in equ: 
quantities. Since the three valencies of tnvalent nitrogen, i 
we have already seen, he in one plane, Jones assumes that o 
calling out the two other valencies, a definite rearrangemei 
in space takes place whereby two compounds are forme( 
related to one another as the object to its mirror image Th 
is well illustrated by Fig. 2. 

Another suggestion is considered in Chapter XIX. 

1 Waigerodt,7.^r Chan.* 1888, (2) 37, 450; 1890, (2) 41, 291. 
3 Burch and Marsh, Trans Chem. Soc., 1889, 55, 656 

3 Behrend, JBer., 1890, 23, 454. 

4 Bial, Conferences de la Chimie, 1896, 4, 60. 

8 Jones, Trans. Chem Soc , 1903, 88, 1403 ; 1905, 87, 1721 
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XIV 

THE VALENCY OF THE ELEMENTS OF GROUP V 

""HE valency of nitrogen, the first member of this group, has 
Iready received full consideration. 

In the hydride, PH 3 , phosphorus is clearly tnvalent, and all 
ffoits to isolate phosphomum, PH 4 , have proved unavailing. 
n phosphorus pentachloride, PC1 B , we have a dissociable 
ubstance, and one which Kekuld classed as a molecular com- 
>ound, PCI., C1 Q . Wurtz 1 has shown, however, that in the 
iresence of excess of tnchlonde, the pentachloride can be 
r aponzed without decomposition. Further, the experiments 
>f Baker 2 indicate that, if the perfectly dry pentachloride 
ould be obtained and vaporized under ordinary conditions, 
he amount of dissociation would be inappreciable. This 
hrows considerable doubt on the correctness of Kekuld's 
ormula. In 1876, Thorpe 8 confirmed the pentavalency of phos- 
ihorus by preparing the pentafluoride, PF B , which can exist in 
he gaseous state without decomposition. The variability of 
he valency of phosphorus is well illustrated by the two 
someric compounds of the formula PO(C fl H ) 3 * The one is 
i thick, oily liquid, prepared by the action of diphenylchloro- 
Dhosphine upon phenol 



(C 6 H B ) a PCl + CH B OH = (QH^ : P . O . C 8 H + HC1 
jvhereas the second isomer is solid, melting at i53'5 C. ; and 

1 Wurtz, Compt. lend, 1873, 76, 601. 
5 Baker, Trans. Chtm. Sat., 1900, 77, 646. 
8 ThorpCi Anttalen, 1876, 182, 201 
* See Michaelis and La Coste, Ser. t 1885, 18, 2118. 
89 
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is prepared by the interaction of tnphenylbromophosphine 
bromide and water 

(C H ) D PBr 3 + HOH = (C B H B ) 3 ' P : O + 2 HBr 

In the former case the phosphorus is clearly trivalent, 
whereas in the latter it is undoubtedly pentavalent. In 
PClfll, 1 and PCl s Br 4 , a phosphorus might appear to be hepta- 
valent, and in PCl 3 Br a 3 its valency is apparently eleven. As 
in the analogous derivatives of nitrogen, it is perhaps more 
reasonable to assume that the valencies of the halogens 
are in these cases greater than unity, whilst the valency of 
phosphorus does not exceed five. 

Caven 4 has shown that the three valencies of trivalenl 
phosphorus probably lie in one plane, as is the case for 
nitrogen We should therefore expect 



, 
R 3 P ' 



to yield active salts; but this expectation has not been 
realized. Michaehs G was unable to obtain activity with com- 
pounds of the type VabcefK, but it is quite possible that this 
was due to the poisonous action of these substances upon the 
ferments employed. 

Judging from its hydride, AsH-,, we should be led to 
attribute to arsenic a valency of three, as in the case of 
nitrogen. Such an assumption receives support from the work 
of Smith and Hora These investigators have studied the 
cryoscopy of the solution of chlorine in arsenic trichloride, 
and conclude that no pentachlonde is formed. 

When gaseous ammonia is allowed to act on arsenic 

1 Bandrimont, JaJiresber., 1862, p 54 
3 Michaehs, Ser., 1872, fi, 411 

3 Pnnvault, Compt rend., 1872, 74, 868 ; Michaehs, op at., p 415 

4 Caven, Trans. Ckem Sac., 1902, 81, 1362. 
* Michaehs, Annalen, 1901, 315, 58. 

6 Smith and Hora,./ Amer. Chem. Soc , 1904, 26, 632 
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iloride at low temperatures, arsenamide, As(NHj) 3 , is 
luced. 

AsCl, + 3 NH 3 = 3 HC1 + As(NH a ) 3 

3, at 250, yields arsenic nitride, AsN, in which arsenic 
a valency of three or five, according as we regard nitrogen 
ri- or penta-valent. 1 

In 1906, Ruff and Graf 2 succeeded in preparing arsenic 
tafluonde, in which the valency of arsenic is clearly five. 
numerous alkyl derivatives 3 further suppoit its tn- and 
ta-valency. This is well illustrated by the chloro-alkyl 
vatives 4 of pentavalent arsenic, which, on being heated, 
i a molecule of the alkyl chloride, and leave a residue 
taming tnvalent arsenic. Thus, As(CH 3 )Cl4 breaks down 
C , and As(CH a ).jCl 3 at 50 C. The equations represent- 
these changes are as follows 

As(CH a ) J CL J > As(CH 3 ) a Cl + CH 3 Cl 
As(CH,,) J Cl j - > As(CH 3 )Cl a + CH 3 C1 
As(CH s )Cl, > AsCla + CH 3 C1 



The resemblance between antimony and arsenic is very 
e. Antimony forms a trihydnde, SbH 3 , and a pentafluonde. 5 
contradistinction to arsenic it forms a pentachlonde, and 
oxychlondes SbOCl 3 and SbO H Cl are well known. The 
ivatives of the pentafluonde have been carefully studied 
Ruff and his co-workers. 8 Whilst chlorine has no action, 
mine forms a viscid, dark brown mass, to which the 
nula SbFnBr is given With iodine two compounds are 
ned, namely (SbF^jI and SbF D I, whilst with sulphui a 
toscopic substance, SbF S, is obtained The formation 
these bodies may be explained in two ways, (i) by 

1 Ilugot, Comft. tettd., 1904, 189, 54. 

1 Ruff and Graf, er., 1906, 89, 67. 

1 See Bunsen, AttttaZen, 1841, 37, I ; 1842, 42, 14 ; 1843, 46, i , 

ioursand Riche, Annakn, 1854, 92, 361; Landolt, Anna ten, 1854, 92 

; Michaelis, JBer , 1875, 8, 1316 

1 See Baeyer, Annalen, 1858, 107, 257. 

1 Rtiff and Plato, Ber , 1904, 37, 673 

1 Ruff, Heller, Knock, and Graf, JSer., 1906, 89, 4310. 
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attributing to antimony a greater valency than five, (2) by 
assuming that fluorine is not strictly monovalent, and that 
the bromine, iodine, and sulphur are attached directly to 
it, and not to the antimony. This latter explanation is most 
probably correct. No evidence has been obtained of the 
existence of a fluoride of chlorine, although Lebeau 1 has 
brought these elements together at very low temperatures 
This would explain why chlonne is without action on the 
pentafluonde. Bromine, iodine, and sulphur, on the other 
hand, form very definite compounds with fluorine. Thus 
bromine yields a trifluonde, BrF 3 , s iodine a pentafluonde, IF , 3 
and sulphur a hexafluonde. 4 

It is not surprising, therefore, that these elements unite with 
antimony pentafluonde. 

The organic derivatives of antimony aie less important 
than those of arsenic, nevertheless those which have been 
studied point conclusively to the power of antimony to act 
both as a tri- and penta-valent atom. 

Trimethyl stibine, Sb(CH 3 ) 3 , and tn-ethyl stibme, 
Sb(CaH a ) 8 , are liquids, which combine energetically with 
the chlonne of concentrated hydrochloric acid, whereby a 
derivative of pentavalent antimony results. Thus 

Sb(C 2 H 3 ) 3 + 2HC1 = Sb(C a H B ) 3 Cl3 + H 2 

Pentamethyl stibine, Sb(CH 8 ) , and penta-ethyl stibine, 
Sb(CaH B ) B , are also known. 

It would seem as if antimony were tetravalent in such 
compounds as Rb 3 SbCl a , G (compare KaSiF,,). 

The remaining element, bismuth, presents many points 
of interest. As a rule it functions as a trivalent atom. Thus, 
for example, its compounds with the halogens have the general 
formula BiXs. 

Bismuth tnmethyl, Bi(CH a ) a , and tn-ethyl, Bi(C a H s ) s , have 

1 Lebeau, Corn-fit rend., 1906, 143, 425.1 

9 Pndeaux, Proc Chem. Sac , 1905, 21, 240 

3 Gore, Chan. News, 1871, 24, 291. 

* Moissan and Lebeau, Compt rend., 1900, 130, 865. 

8 Wemland and Schmid, Ber., 1905, 88, 1080. 
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both been prepared 1 The former yields the trichloride with 
hydrochloric acid. The latter, with iodine, yields bismuth di- 
ethyl iodide, Bi(C2H B ) a I, whilst treatment with mercuric chloride 
results in the formation of bismuth ethyl chloride, Bi(C 2 H 8 )Cln, 
according to the equation 

Bi(C B H B ) 8 + 2HgCl a = B^CaH^CL, + 2Hg(C a H B )Cl 

Bismuth triphenyl, Bi(C H fl )j, is also known. 13 
In bismuth pentoxide, BijO B , we might assume a. penta- 
valent atom, and write the formula graphically as follows : 







Of course we have no proof that this is correct, and we might 
perhaps with equal reason write the formula 

<X 

|^Bi0 BCJ 
O 

in which bismuth remains tnvalent. This peroxide formula 
would afford an explanation for the ease with which the oxygen 
is evolved, both on heating and on treatment with acids. 
On the other hand, the existence of such complexes as 
(CH 3 ) 8 BiBr 2 , (CoH^BiCla, and (C B H e ) s BiBr 3 , J points clearly 
to the pentavalency of the metaL 

It seems impossible to prepare a pentachlonde of bismuth, 4 
and bismuth trifluonde does not combine directly with fluorine. 
Nevertheless Ruff? and his co-workers have recently obtained 
evidence to show that traces of a higher fluoride are formed 
by the action of fluorine on bismuth tnfluonde at 80 C. 
When bismuthic acid is added to concentrated hydrofluoric 

1 Marquardt, .5^., 1887, 20, 1516; 1888, 21, 2035. 

9 Michaelis and Marquardt, Annalen, 1889, 251, 324. 

3 Michaelis, Ber. t 1887, 20, 52 j Gilbneister, #>., 1897, 80, 2843, 

* liutchins and Lenhcr, J Atner Cheat See., 1907, 29, 31. 

1 Ruff, Knoch, und Zedner, Zett, anorg. C/tem., 1908, 57, 220. 
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acid, a colourless, very unstable solution of bismuth oxytn- 
fluonde, BiOF 3 , is obtained, in which bismuth is clearly 
pentavalent. 

It is not often that bismuth is regarded as a divalent 
element. Berthelot 1 in 1828 claimed to have prepared a 
derivative of divalent bismuth, as did Heinz," Weber, 1 * and 
Schneider 4 some years later. The subject was again revived 
by Tanatar 6 in 1901, who prepared bismuth suboxide, BiO, 
by heating the basic oxalate, BiaO 3 CjO 4 , which decomposes 
completely into BiO and carbon dioxide. 

Bnslee 6 has studied the rate of reduction of bismuth oxide 
in carbon monoxide and finds that the time-reduction curve 
shows a break very close to the pomt of completion of tins 
reaction 7 



Denham 8 has obtained further evidence of the existence 
of divalent bismuth. 

Herz and Guttmann have studied the freezing-point curve 
of the system bismuth trichlonde bismuth. The curve shows 
a maximum corresponding with the composition of bismuthous 
chloride, BiCla, and the formation of this compound is con- 
firmed by the fact that its density is lower than that of a 
mixture of bismuth trichloride and bismuth of corresponding 
composition Bismuthous bromide and iodide have also been 
prepared. It would appear, therefore, that bismuth is capable 
of functioning as a di-, tn-, and penta-valent atom. 

Berthelot, /. Pharm , 1828, 14, 616 

Heinz, Pogg Ann , 1844, 63, 55. 

Weber, ihd , 1859, 107, 596 

Schneider, ibid., 1855, 96, 130. 

Tanatar, Zat. anorg. CJum , 1901, 27, 437 

Bnslee, Trans Chem. Soc , 1908, 93, 163. 

See Herz and Guttumnn, Zat. anorg. Chem , 1907, 53, 63. 
8 Denham, Trans. Chem. Sac., 1908, 93, 833. 
Herz and Guttmann, Zett anorg Ghent., 1908, 56, 422 
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THE VALENCY OF THE ELEMENTS OF GROUP VI 

UNTIL comparatively recently oxygen was regarded as a 
splendid example of a divalent clement of invariable valency. 
Thus, in water, chlorine monoxide, and a host of other sub- 
stances, it would be difficult to attnbute to oxygen a higher 
valency than two 

In 1899, Collie and Tickle 1 pointed out that oxygen could 
function as a tetravalent atom. They studied the hydrochloride 
of dimethylpyrone, and gave it the formula 

CH=C.CH t 
/ \ ^H 

CO O^ 

\ I ci 

CH=C . CH 3 

The list of compounds containing tetravalent oxygen 
was rapidly increased by the investigations of KLehrmann, 2 
Willstatter and Iglauer, 11 Bulow and Sicherer, 4 Baeyer and 
Vilhger," and others. 

Fnedel found that methyl ether combines with hydro- 
chloric acid to give an oxomum salt, whose constitution is 
usually given as 

CH. H 

>C 
CH 3 Cl 

1 Colhc and Tickle, Trans. C/attt. Soc. t 1899, 15, 710. 
3 Kehnnann, cr., 1899, 22, 2601. 
B Willbtdtler and Iglauer, J8er., 1900, 38, 1636. 
* Bulow and Sicherer, J5er., 1901, 84, 3916. 
6 Baeyer and VilUger, Ber, 1901, 84, 2685 
B Fnedel, Bull. Sot. c/iir/i., iS75> 00 2*. l6 and 2 4i- 
95 
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This structural formula shows perfect analogy with the 
ammonium compounds, and the term oxomum, as applied 
to these salts, receives, therefore, full justification. 

There is a second way, however, in which the above 
compound may be represented. Bearing in mind the fact 
that hydrochloric acid is a very stable compound, and that 
the oxonium salt is easily dissociable, it seems most probable 
that the complex 



=C1 H 



is first formed. A portion of this then undergoes rearrange- 
ment until equilibrium is obtained between the two tautomers, 
much in the same way as occurs in the case of the enolic and 
ketonic forms of acetacetic ester 

Archibald and Mclntosh 1 have studied the compounds 
formed by liquid halogen hydrides and organic bodies such 
as acetone and ether. It is suggested that the compound 
(CjH B ) a O . HI has the constitution 



and that (CH 3 ) 2 CO . HBr is 

H 
C :CT 



The assumption is also made that the valency of oxygen 
increases as the temperature decreases. Thus, the compound 
. zHBr is represented as 

H 

Br 



Br 

1 Archibald and Mclntosh, Traits C/tem. Sac., 1904, 85, 919. 
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in which oxygen is hexavalent, and C a H 7 OH . 5 HC1 as 

Cl 

H I H 
Cl \ I / Q 
CsH^O^-H 



H / 
Cl 



\ H 
Cl 



where oxygen is given a valency of twelve. 1 This, however, is 
very unlikely It is far more reasonable to suppose that the 
halogens are here tnvalent, and oxygen not more than 
tetravalent. 

When magnesium filings are added to alkylogens dissolved 
in ether, heat is set free, and an alkyl group, together with one 
atom of the halogen, unites with the metal, whereby the com- 
plex BrMgCrjH-, is formed. This combines, however, with a 
molecule of ether to yield an oxonmm derivative, to which the 
formula 

Oft 



C 3 H 6 Br 

is usually ascribed. 2 It is not impossible, however, that the 
bromine is here trivalent, thus 

)0=Br MgCaHs 

Triphenylmethyl, discovered by Gomberg 3 in 1900, and to 
which the formula C(C a H ) 3 has been temporarily assigned, 
unites with ether to form a derivative of tetravalent oxygen, 
namely, 

(C B H 6 ) 3 C __ C n H s 

^cr; 

(C 6 H 8 ) 8 C C a H B 

1 See Mclntosh, Tratu* Chein. Soc., 1905, 87, 784; /. Amer. Chetn 
Soe., 1905, 517, 1013 ; 1906, 28, 588 ; Walker, Mclntosh and Archibald, 
'/rout. CAem. Sat., 1904, 86, 1098. 

3 Weiffer and Truskier, J5er. } 1904, 37, 1125 

3 See p 42, for references. 

T P.C H 
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If it were possible to cause four different groups to attach 
themselves to the oxygen, optically active compounds might 
result. This would be a conclusive proof of the tetravalency 
of oxygen. 

Bulow and Sicherer : call the third and fourth valencies of 
the oxygen ct ypto-valencies, and explain the tendency of the 
oxygen to revert to the divalent state, by the assumption that 
these valencies can be absorbed in much the same way as 
Thiele's partial valencies are absorbed in certain circum- 
stances. 

Baeyer and Vilhger a are inclined to dispute the correctness 
of the term oxonvum salts as applied to these compounds. 
They regard them as complex bodies formed by the oxygen 
exhibiting two ordinary valencies and a complex valence. 
According to Werner, the platinum atom contains four 
ordinary, and two auxiliary valencies. Thus . 

Cl 4 =Pt (HC1) 3 

The oxygen atom therefore resembles a half-platinum atom, 
thus. 

C=0 (HC1) 

We have evidence to show that liquid water is associated, 
although to what extent is not definitely known, for all the 
methods which have been employed to determine its association 
are open to criticism. 8 If the molecules are double, the 
formula is clearly 

H B =0=0=H 3 

If of a higher order, the oxygen atoms are presumably 
arranged in a ring. 

In 1890, Beckmann 4 pointed out that all associated liquids 

1 Bulow and Sicherer, Ser , 1901, 34, 3920. 

* Baeyer and Vilhger, Ser., 1901, 84, 2685 

8 See Raoult, Ann. CAtm. Phys , 1885, (vi.) (6) 4, 401 ; Thomsen, 
Ser, 1885, 18, 1088; Vernon, CAem. News, 1891, 64, 54, Ramsay 
and Shields, Zeit. phys. CAem., 1893, 18, 434 ; Brlihl, J3er. t 1895, 28, 
2866. 

4 Beckmann, Zett. phys Chtm. t 1890, 8, 437. 
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are of the water type, and it is now a well-recognized fact, 
that substances containing hydroxyl groups usually form 
associated molecules when m the liquid condition l Ramsay 
and Shields examined a number of alcohols and fatty acids, 
and found that these were always associated Auwers 
and his co-workers 3 have cryoscopically investigated the 
molecular weights of alcoholic and phenolic compounds 
dissolved in solvents devoid of the hydroxyl group. The 
results point conclusively to the fact that alcohols and phenols 
generally associate in benzene and naphthalene solutions, and 
that the association may be inhibited, partially or entirely, by 
the introduction of substituents in the ortho-position to the 
hydroxyl group in the case of phenolic compounds 

Hewitt and Winmill 3 have recently studied the association 
of phenols in the liquid condition, and obtained some very 
interesting results. In the case of isomendes, the effect is 
most marked when an ortho-substituted compound is 
examined, and least marked in the case of the meta. The 
group NO 2 was found to inhibit association to the greatest 
extent. Hewitt and Winmill explain these cases of association 
by the assumption that the hydroxyl group possesses " residual 
affinity," and suggest the formula 

R0 H 

II 
R0 H 

for the representation of the double molecules. 

By substitution m the ortho position of a group also 
containing residual affinities of a fairly pronounced cha- 
racter, it is easy to see how association may be diminished. 

1 See Ramsay and Shields, Phil. Trans , 1893, 184, 655 ; Trans. 
C/iem. Soc., 1893, 63, 1089 j Aston and Ramsay, tduf., 1894, 85, 167 ; 
Zeit. phys CAem., 1893, 12, 433 ; 1894, 15, 89 , Ramsay, ibid., 1894, 
15, 106. 

9 Auwors and his co-workers, Zcti. phys. Chem^ 1893, 13, 689 ; 
1894, 15, 33; 1895, 18, 595; 1896, 81, 3373 1899. 80, 300; 1900, 
32, 39 . 1903. < SI3 ' Ber, 1895, 38, 2878 ; 1898, 31, 3037. 

3 Hewitt and Winmill, Trans. Chetn. Soe. t 1907, 91, 441. 
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For example, 0-chlorophenol will be represented by th 
formula 




according to which association is almost impossible. 

The fact that water crystallizes along with inorganic salt 
is also to be ascribed to the tetravalency of oxygen W 
might therefore expect other substances, possessing divaler 
oxygen and a similar structure to water, to crystallize out i 
the same way. This is well known to be the case. Fc 
example, methyl alcohol crystallizes with calcium chloride 
whereby the complex 

CaCl s .4CH 3 OH 
is formed 

Goldschmidt 1 believes that oxygen is tetravalent in organi 
acids and esters. Thus 

R C=0 O H 

The ions are accordingly R C=O and 'OH. Acefr 
chloride is regarded as the chloride of the basic ion CH 3 . CO 
and acetic anhydride is a compound of the ions CH 3 COO' an 
CH 8 CO', that is, its true name is acetyl acetate. 

Julius Meyer 3 considers that the facts of autoxidation ai 
best explained on the assumption that an unsaturated rnolecul 
is added to a molecule of oxygen, one atom of which is tetn 
valent. Hydrogen peroxide is regarded as H a O : O, ozone a 
O : : 0, and so on Such an assumption has much in i 
favour. It is in accord with the researches of Engler an 
Wild 3 These investigators conclude, as the result of man 

1 Goldsdimidt, Zeit. Elektrocheime, 1904, 10, 221. 

3 Meyer, J.fr. Chan., 1905, (2) 72, 278. 

' Engler and WUd, Bar, 1897, 30, J669; but see Rengadc, Cotnp 
tend, 1906, 143, 1152, 144, 753; do Forcrand, ibid., 144, ! 3 2l ar 
1402. 
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experiments, that when the alkali metals are o 2 1 ji /F 94 W t-^V 

air, there is a direct combination 1 of the liftttK Wrr the 

i 

oxygen molecule, a peroxide being formed, which slowly reacts 
with water, forming hydrogen peroxide, ani^thj^jnetalhc-x 
hydroxide. By assuming one of the atam^ft ^JQ^S^O^^ 
tetravalent, we do not need to imagine that conftraiOiUoUi of-the 
metal with the oxygen molecule is due to the breaking of one 
of the bonds holding the oxygen atoms together, thus : 

O=O + aNa > Na O O Na 

Rather is the action to he lepresented by the equation 
O=0 



This explains the ease with which the second atom of 
oxygen is split off. 

The assumption that the whole molecule of oxygen takes 
part in many other cases of oxidation has received strong 
support from the work of Manchot, 1 Bach, 2 Erdmann and 
Kothner, 3 and Engler, 4 and a similar explanation applies. 

Cam G writes the formula for ammonium sulphate as 

H 3 N=O SO-r-O=N H 3 

H H 

in which two of the oxygen atoms are represented as tetra- 
valent. The same author also regards ammonium hydroxide as 

H 3 N=OH,, 

Since ammonia gas dissolves in water with evolution of a 
considerable amount of heat, it is frequently assumed that 
ammonium hydroxide is the chief product, despite the com- 
paratively poor conductivity. Hantzsch and Davidson e were 
the first to suggest a definite theory of hydrates of ammonia 
in solution, and Cain's 7 formula is in harmony with the same. 

1 Manchot, Jfer, 1906, 39, 1170 ; Annafai, 1902, 326, 95 

9 Bach, Cornet, laid., 1897, 134, 2 and 951 

1 Erdmaira and Kothner, Awialai, 1897, 294, 55. 

* Engler , er,, 1900, 33, nil. 

6 Cain, Mem. Manchester Phil Soc., 1904, 48, xiv. 
Hantzsch and Davidson, JBer., 1898, 31, 1616. 

7 Cam, op. cit 
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It seems reasonable to suppose, however, that the hydrated 
molecules undergo rearrangement to the hydroxyhc form, until 
we have equilibrium between the two tautomers and ammonium 
ions and hydroxyl ions, thus 

OH 

HjN=OH n ^ H 3 N ^ NH 4 ' + OH' 

^H 

By admitting the tetravalent nature of oxygen, we see that 
a close connection exists between the molecules of water and 
of ammonia, for both are unsaturated 1 This aifords an 
explanation for the fact that ammonia and water are fre- 
quently interchangeable in chemical compounds, for example 
CuSO 4 5H G O and CuSO,.sNHj. Fuither, Brill" has shown 
that liquid ammonia is slightly associated, although not to the 
same extent as water 

It has already been pointed out that organic compounds ol 
divalent oxygen, for example, alcohols, can, like water 
crystallize with inorganic salts. The same property is 
exhibited by organic derivatives of trivalent nitrogen. Foi 
example, a large number of salts has been prepared by Lang, 
Pincussohn, 4 and others, containing pyndine of crystallization 
A most lemarkable example is afforded by cuprous chloride 
In the presence of water this salt can absorb carbon monoxide 
but not when perfectly dry. Lang found, however, that it 1 
solution in pyndine absorbs this gas with ease. Manchot anc 
Fuend have since shown that not only may pyridme be 
replaced by other derivatives of tnvalent nitrogen, such a: 
aniline, 0-toluidme, and pipendme, but that the amount o 
carbon monoxide absorbed per molecule of cuprous chloride 
is identical in each case with that absorbed in the presence o 
water. 

1 Compare Friend, Ttans. Chan Soc , 1908,83,268. 
J Brill, Ann Phystk, 1906, (iv) 21, 170; see Franklin and Krnns 
Amn Chem J , 1899, 21, 8 

3 Ijing, Ber, t 1888, 81, 1578 

4 Pincussohn, Zeit. anotg Chem., 1897, l*i 379- 
8 Manchot and Friend, Annalen, 1908, 369, 100. 
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In aqueous solution the compound CuCl.C0.2H B O is 
formed, in which the water is presumably attached by means 
of the unused valencies of the oxygen atoms. Although, owing 
to their instability, it was impossible to analyze the bodies 
formed m pyndme and other organic solutions, arguing by 
analogy it is highly probable that the two molecules of water 
were replaced by an equal number of molecules of the tnvalent 
nitrogen derivative 

Not less interesting is the study of the valency of sulphur. 
Towards hydrogen this element is divalent. But whilst oxygen 
forms no compound with fluorine, sulphur readily yields a 
hexafluonde, 1 SF fl , which is remarkably stable and inert. 

The variable nature of the valency of sulphur is well 
illustrated by its organic derivatives. Ethyl sulphide is oxidized 
by potassium permanganate or nitric acid to ethyl sulphoxide. 
If the oxidation be continued, ethyl sulphone a results. Thus : 



^s > ^so > so a 

C 2 H B QjH 6 CnH e 

In order to prove the equivalence of three of the first four 
valencies of sulphur, the work of Klinger and Maassen 8 is 
frequently cited. These investigators prepared methyldi-ethyl 
sulphomum iodide in two ways. Thus : 

C 8 H^ 
I. .S 4-CH..I 

CH 



II. ^S +C a H 8 I 

C a H B 

The same compound was obtained in both cases. Unless 
we argue that in one case rearrangement has taken place, 
during the reaction, to the more favoured position, it is clear 
that the three valencies, by which the alkyl groups are attached 

1 Moissan and Lebeau, Compt. rend., 1900, ISO, 865. 

* Oefele, Annalen, 139, 82. 

3 Klinger and Maassen, Annalen, 1888, 213! 193. 
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to the sulphur, must be equivalent It is true that Kniger/and 
Blaikie and Crum Brown a had done this before and had not 
obtained the same results, but this was, as Khnger and Maasseri 
show, due to traces of impurity in the final products 

A somewhat similar series of experiments was carried out 
by BrjuchonenkOj 3 who prepared 

Q;H]i CH 3 



in two different ways and obtained the same product. 

The preparation of optically active derivatives of sulphur 
has proved exceedingly difficult. For a full account of this 
part of the subject, however, the reader is referred to Stewart's 
Stereochemistry (this series). 

When chlorine is passed into an ice-cold solution of 
trimethylsulphomum iodide in glacial acetic acid, a tetrachloro- 
derivative is obtained. 4 

(CH.) 8 SI + 2CL = (CH S ) 3 SC1IC1 3 

This is not to be ascnbed to the valency of sulphur 
suddenly changing to eight, but lather to the possession by the 
halogens of a higher valency than unity. 

Dobbin and Masson, 8 a quarter of a century ago, studied a 
series of derivatives of sulphur, of the type (CH 3 ) a SX 3 , where 
X represents a halogen. They point out that three theones 
may be advanced to account for the constitution of these 
complexes. 

i. They may be regarded as so-called molecular com- 
pounds, (CH 3 ) 3 SX . Xg, in which Xg is attached to the 
(CH 3 ) 8 SX in some such way as water of crystalliza- 
tion clings to many metallic salts. The halogens 
thus retain their monovalent nature, and the sulphur 
is but tetravalent. Such a formula, however, is not 

1 Krvlger, J pr. Chem., 1876, (2) 14, 193. 

a Blaikie and Crum Brown, Chem, News, 1878, 37, 130 

3 Brjuchonenko, Ber., 1898, 31, 3176. 

4 E. A Werner, Trans. Chem. Soc , 1906, 89, 1629. 

* Dobbin and Masson, Trans Chem. Soc., 1885, 47, 56. 
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in accordance with the decomposiLion of these bodies 
by heat. 

2 While postulating the tetravalent nature of the sulphur 
atom, the halogens may be regarded as divalent or 
trivalent, thus : 



X 

This would not only account for the decomposition 
of the complex by heat, but it would also explain the 
power which these bodies exhibit, of uniting with 
ammonia. Thus, for example, (CH 3 ) a SIBr a . aNH 3 . 
On the other hand, this arrangement scarcely 
explains the fact that tnmethylsulphine sulphate 
can combine with bromine and chlorine. 
3. Dobbin and Masson conclude that the true formula for 
these complexes is 

^.X 

(CH 3 ) 3 S-X 
X 

in which the sulphur functions as a hexavalent atom, 
whereas the halogens remain monovalent. This is 
regarded by the authors as being free from the 
objections mentioned above. 

Hilditch and Smiles l have recently studied the accelerat- 
ing influence of mercuric iodide on the formation of sulphomum 
iodides. Smiles a had already shown that mercuric iodide 
could form additive products of the type RaS Hgl u It seems 
most probable, therefore, that it is these complexes which 
react with the alkyl iodide, the valency of the sulphur chang- 
ing from four to six. The equation given by the authors is 

R 
Hgl R^| Hgl 



R I R I I 

I 

1 Hilditch and Smiles, Trans. Chtm. Soc., 1907, 91, 1394. 
3 Smiles, Trans. CActn. Soc., 1900, 77, 163. 
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Reference may here be made, also, to the work of Pope ar 
Neville * on the hexavalent nature of sulphur and selenium. 

Pickard and Kenyon a have drawn attention to the fa< 
that diphenyl sulphoxide, (CflH^aSO, combines with metalli 
salts, whereas no such compounds with diphenyl sulphon< 
(C e H fl )jjSOa, could be obtained. Similarly Hermann 8 obtaine 
an additive compound of dibenzyl sulphoxide with hydrochlori 
acid Pickard and Kenyon suggest " that in the sulphone th 
oxygen and sulphur atoms are united in a ring m such 
manner that any residual valencies of the same are mutuall 
satisfied." Thus 



S 



where the dots represent subsidiary valencies. They regari 
the formula 



as less likely. Another explanation for this phenomenon is t< 
be found in the tetravalency of oxygen. In diphenyl sulph 
oxide, the oxygen is divalent and unsaturated. Consequent!] 
addition of other groups becomes possible. In dipheny 
sulphone, however, the oxygen atoms may be regarded a: 
tetravalent, thus : 



Combination with other groups is thereby rendered difficult 
The case is exactly analogous to that of sulphur di- and tri 
oxides, the latter of which shows a strong tendency to associate 
to double molecules, whereas the former does not.* 

1 Pope and Neville, Ttans. C/iem. Soc , 1902, 81, 1552. 
3 Pickard and Kenyon, Trans. Chem. Soc., 1907, 91, 896 
3 Hermann, Ser., 1906, 89, 3815. 

* This latter phenomenon is discussed fully by Fnend, Tb-ans Chem. 
Soc., 1908, 98, 266 
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As we have already seen in an earlier chapter, 1 selenium 
nd tellurium show a marked resemblance both to one 
lother and to sulphur. Each is divalent with respect to 
ydrogen, and hexavalent with regard to fluorine 

In their organic derivatives, selenium and tellurium usually 
inction either as divalent or tetravalent elements. This will 
e clear from the following table. 3 

Organic Derivatives of Selenium and Tellurium 

SeCQH^ 
Se(C 3 H B ) 3 OH J 

Se(CH 3 ) Q CL, p 

Se(C B H D .CH a ) a ClJ 

Se(C 3 H D ) a CU 6 
Se(CnH B ) 8 Cl J" 

SefCHaCOCH^CU ) G 
Se(CH 3 COC H fi ) a Cl 2 j 

Te(C fl H B ) 2 7 
Te(C 3 H B ) a I 
Te(C H 4 OCH s ) a 



Te(C H B ) a Br, 



8 



We now pass on to the study of chromium. 

Two chlorides of chromium are known, namely the 
hromous and chromic. According to the researches of 
Tilson and Pettersson, 9 these are represented by the formulae 

1 See Chapter V. 

9 This table is only illustrative , it is not claimed to be in any sense 
chaustive 

3 Pieverling, Ber , 1876, 9, 1469 

4 Jackson, Annalett, 1875, 17B, I. 
4 Ratke, Annalen, 1869, 183, 181 

Michaelis and Kunckell, er. t 1897, 80, 2823. 
7 Marquardt and Michaelis, Ber, 1888, 31, 8042 ; Becker, Anna/en, 
80, 263 ; Cahours, Ann. Chim. Phys. t 1877, (5) 10, "Jo. 
Krafift and Lyons, er., 1894, 27, 1770 
Nilson,and Pettersson, Zat.-phvs Chetn., 1888, 9, 674 



loS THE THEORY OF VALENCY 

Cr a Cl 4 and CrCl a respectively In each of these bodies 
chromium may be regarded as tnvalent, as is evident if the 
following graphical formulas be attributed to them, namely 

CL^ ^.Cl Cl 

Cr Cr and Cl Cr"" 

Cl ^Cl ""Cl 

In view of the fact that so many metallic chlorides exhibit 
a. tendency to associate, and that the chromous and chromic 
salts exhibit such different properties, it seems more reasonable 
to consider the chromium m chromous chloride as divalent. 
Thus: 



Cr Cr 



A study of the oxygen compounds of chromium has led 
chemists to the conclusion that the latter element can function 
both as a tetravalent and a hexavalent atom. Manchot and 
Kraus l in 1906 prepared a dioxide by heating Cr a (HO) in 
dry oxygen at 32-345 for several days, and gave it the 
formula CrO 2 . Here the chromium may be either divalent or 
tetravalent. Thus 



Cr | or Ci 
""O ^O 

Manchot evidently prefers the latter scheme, and regards 
the dioxide as a proof of the tetravalency of chromium In 
chromic anhydride, CrOj, analogous to sulphur tri-oxide, 
chromium is generally regarded as hexavalent. But it might 
also be di- or tetra-valent. Thus 

^^ J3 

Cr^ O, 0=Cr^|, or O=Cr^ 

Cr ^o 

1 Manchot and Kraus, Ser., 1906, 39, 3512. 
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Manchot is of the opinion that the middle formula is 
>rrect, and for chromic acid he writes l 

H CX O 

^ C O 

H O ^O 

s we have already seen, the hexafluonde of sulphur, SF 8 , 
>nfirms the hexavalent nature of that element. But no 
rresponding fluoride of chromium has as yet been prepared, 
though the trifluonde, CrF n , is well known. In potassium 
ilorochromate, potassium amidochromate, and chromyl 
iloride and fluoride, whose formulae are usually given as 

Cr0 2 ^ K , Cr0 3 | o , Cr0 2 }, and Cr0 3 ^, 

spectively, the chromium may be regarded as either tetravalent 
r hexavalent. 

Potassium chromate, KaCrOj, crystalhzes according to the 
lombic system, and is isomorphous with potassium sulphate, 
t seems reasonable to argue that if in the latter case sulphur 
, hexavalent, then the chromium in the former is also hexa- 
alent. 

A number of complex chromium derivatives have been 
iscovered during the past few years, and not a few cases of 
ereo-isomerism have been met with It is beyond the scope 
f this work to deal with these here. 2 

The next element to engage our attention is molybdenum, 
;hich apparently exhibits a very variable valency. The 
ighest chloride known contains five atoms of chlorine to every 
ne of molybdenum. Vapour density considerations lead us 
9 attribute to it the simple formula MoCl 6 . It easily parts 
/ith chlorine, whereby the tetrachlonde, MoCl 4 , results Two 
ither chlorides are known, namely the dichloride, MoQa, 
nd trichloride, MoCl 3 . Although these molecules exhibit 

1 Manchol, Uber Sauerstof Actimerung " Verhandlungen der Phys. 
,Tcd. Gen.," Wurzburg, 1908, 39, 236. 

E The reader, desirous of perusing a short account of the same, is 
efcrred to Dr. Stewart's work, entitled Stereochemistry 
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association in the vapour state, this is probably due to the 
trivalent nature of the chlorine. 

Ruff and Eisner 1 have recently prepared a hexafluoiide, 
MoFg, by the action of fluorine on the finely divided metal at 
60-70 C The oxyfluondes MoOF 4 and MoO a F a have also 
been prepared 

Tungsten differs from molybdenum in possessmg a hexa- 
chlonde, to which the formula WCla has been assigned. 
This body readily parts with chlorine, yielding the pentachlonde 
the formula of which, WC1 B , is confirmed by vapour density 
determinations. 2 

Ruff and Eisner 3 have obtained the gaseous hexafluonde 
WF 6 , by the interaction of tungsten hexachloride and hydro- 
fluoric acid. The oxyfluondes WOF 4 and W0 2 F.j, and the 
oxychlonde WOC1 4 , are also known. 

1 Ruff and Eisner, Ser., 1907, 40, 2926 

3 Debray, Compt rend., 1865, 60, 820 , Rieth, er. t 1870, 3, 666. 
3 Ruff and Eisner, Bar , 1905, 38, 742 , Zetf. anoig Cheat. , 1907, 
52, 256. 
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THE VALENCY OF THE ELEMENTS OF GROUP VII 

HE study of the valency of the elements of this group is of 
>pecial interest. 

As we might expect, fluorine differs from the other halogens 
i many of its properties. Thus, for example, whilst it forms 
very stable compound with hydrogen, no compound of 
uorme and oxygen is known. 

Hydrogen fluoride is generally represented by the formula 
[F Nevertheless it is certain that its molecule is at least 
ouble. 1 An acid potassium salt, KHF 3 , is also known, and 
aless we attribute a higher valency than unity to hydrogen and 
Dtassmm, we must infer that fluorine is not monovalent 
'he graphical formulae to be given to these bodies are probably 
H F H F 

II and || 

H F K F 

'spectively, where the fluorine is represented as trivalent. In 
ydrofluosilicic acid, and several other molecules of like con- 
itution, we have already assumed the presence of tnvalent 
uorine. IJ 

Chlorine is uniformly monovalent in its hydride, for 
ydrogen chloride shows no tendency to associate to double 

1 SeeVernon, Chem. News, 1891, 64, 54; Mallei, ibid., 1 88 1, 44, 164, 
Lger,.A atiotg. Chem., 1901, SW, 28; Pelhnl and Pegoraro, Zat Elektro- 
., 1907, 18, 6ai , Kremann and Decolle, Monatsh , 1907, 28, 917 , 
atcm6 and Peratoner, Chem. Zettt., 1891, 306, compare Thorpe and 
[ambly, Tunis Chem So*., 1889, 56, 163. 

8 See Chapter IX. 

in 
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molecules. We have already seen, however, that the association 
of metallic chlorides, as, for example, those of sodium, niono- 
valent copper and mercury, aluminium, etc., is probably to be 
attributed to the trivalent nature of chlorine 

Mellor 1 has obtained evidence of the existence of HC1 3 , 
which may be regarded as 

Cl 

H Cl II 
Cl 

recalling the constitution of hydrazoic acid 

Chlorine monoxide, ClaO, dissolves in water, yielding 
hypochlorous acid, HC10 If we write the molecule of this 
latter substance as 

H O Cl 

it is difficult to see why it should so readily lose oxygen on 
being wanned This difficulty may be overcome by assuming 
that the chlorine is trivalent, thus 

H Cl=0 

In chlorine peroxide we may have either divalent or 
tetravalent chlorine, thus 

O 

Cl I or Cl^ 



The former scheme illustrates the peroxide properties of 
the molecule better than the latter. 

Several schemes can be suggested for potassium perchlorate. 
Thus. 



^-^ ^, 

K Cl=0, K Cl O, or K Cl 

"o ^o-^ ^ 

The first of these has the disadvantage of attributing to 

1 Mellor, Trans. Ckem Soc , 1901, 79, 216; see Jakowkm, Zftt phys, 
CAem., 1899, 29, 635 , Berthelot, Compt rend , 1880, 91, 191 , Ann. 
Chtm. Phys, 1875, (5) 5, 339 , (5) 22, 49. 
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orme a very high valency, namely seven. On the other 
id, it affords an explanation for the interesting observation 1 
t the perchlorates of potassium, rubidium, caesium and 
monium, and the permanganates of the same, form an 
lorphous group, for potassium permanganate is usually 
umed to have the constitution represented by the formula 



K O Mn=O 
^O 

The middle formula has little in its favour, but the third 
ich does not assume the presence of a hydroxyl group in 
j acid, explains the ease with which potassium chloride is 
med on heating. 

With regard to hydrogen, bromine is monovalent It yields 
th fluorine a tnfluoride, BrF 3 . 2 Heie, and in potassium 
bromide, KBr 3 , J we are evidently dealing with tnvalent 
omine 

In hydriodic acid, iodine is monovalent. Nevertheless 
ime pentafluonde, IF B , has been isolated by Gore. 4 

Numerous organic derivatives have been obtained in which 
line functions as a mono-, tri-, and penta-valent atom. When 
lorine is introduced into a solution of lodobenzene, C 8 H e I, in 
loroform, the iodine is not replaced, but an addition pro- 
ict, phenyl iododichloride, C 6 H B ICls, is produced, 6 

a 



us, when shaken with caustic alkali, yields iodosobenzene 
+ aKOH = C 6 H B IO + 2 KC1 + 



1 Barker, Trans. Ckem. Sac, 1906, 89, 1157 
* Prideaux, Proc Chem. Soc., 1905, 21, 240 

3 Worley, Trans. Chetn Soc, 1905, 87, 1107. 

4 Gore, Chem. News, 1871, 84, 291 analyzed by Moissan, Compt. 
id, 1902, 185, 563. 

Willgerodt, }.pr. Chem*, 1886, ii. 88, 154. 

T.P.C. I 
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When heated alone or boiled with water, lodosobcnzcne yick 
lodoxybenzene 

2 C 6 H B IO = C H I + C H c IO a 

a substance which behaves like a peroxide. On heating t 
about 227 it explodes When a mixture of iodoso- an 
lodoxy-benzene is shaken with moist silver oxide, dipheny 
lodonium hydroxide, (C 8 H ) 2 I OH, is produced. This bas 
forms definite salts, in which the iodine retains its tnvaler 
nature Not the least interesting of these is the iodidt 
(C H 6 ) 2 I I, which is polymeric with lodobenzene, and i 
converted into the same on warming For much of on 
knowledge of the constitution of the organic derivatives of lodm 
we are indebted to the researches of Victor Meyer and hi 
pupils. 1 

Thiele and Peter 8 prepared methyl iododichloridc 
CH 3 ICl a , by the action of chlorine on a solution of meth) 
iodide in carbon tetrachlonde and light petroleum, cooled t 
about - 75 C This body is similar to Schutzenberger's 
compound, IC1 HC1, to which the graphical formula 



may be given. 

Tinkler 4 concludes that addition of HC1, HBr, or HI, to , 
solution of iodine, results in the formation of the complexe 
HClIa, HBrI B , and HI 8 , in which the halogens are presumabl 
tnvalent 

Thiele and Peter" have obtained a most interestinj 

1 V. Meyer and co-workers, Ser , 1893, 86, 1354 and 1727 ; jSod, 81 
1592 

3 Thiele and Peter, Ber., 1905, 38, 2842, 

3 Schiitzenberger, Comft. rend,, 1877, 84, 389 ; see E. A. Wcrnei 
Trans. Chem, See., 1906, 89, 1631. 

* Tinkler, Tram. Chem. Sec., 1907, 91, 1002. 

6 Thiele and Peter, Ser., 1905, 88, 2842. 
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compound by the action of chlorine on chloro-iodofumaric 
acid, and ascribe to it the formula 

CC1 CCX 
II ^O 

CH - 1^ 
" 



Here the three valencies of iodine are distributed between 
carbon, chlorine, and oxygen, an arrangement which is almost 
unique. 

The only metal of this group to receive consideration is 
manganese It forms both acidic and basic oxides. In the 
latter the metal is usually di- or tn-valent. In the former it 
may be heptavalent, as in potassium permanganate, to which 
reference has already been made. 
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THE VALENCY OF THE ELEMENTS OF GROUP VIII 

THE study of the chlorides of iron has yielded similar resul 
to those obtained in the case of chromium. Deville ai 
Troost l believed, from vapour density considerations, that tl 
formula for the ferric salt was FeaCl a . V. Meyer' 1 showe 
however, that between 750 and 1077 C. the molecules a 
single. As with aluminium chloride, the vapour density van 
with the temperature, the degree of association increasing 
the temperature falls. 

Ferrous chloride yielded values intermediate between tho 
required for the formula FeCl 2 and Fe a Cl 4 , when volatilized 
an atmosphere of hydrogen chloride. Here, therefore, A 
have another condition of equilibrium represented by t! 
equation 



Werner 8 has shown that in solution the molecules of ferro 
chloride are single, and that the iron is therefore truly divalei 
The associated gaseous molecules may therefore be represent 
by the scheme 



Fe Fe 

C1=C1 

In iron tetra- and penta-carbonyls, 4 Fe(CO)4, and Fe(CO 

1 Deville and Troost, Ann Cktm. Phys^ 1860, (3) 58, 280. 

3 V. Meyer, Bar., 1884, 17, 1335. 

3 Werner, Zat. anarg. CAem., 1897, 15, I 

4 Dewar and Jones, Proc Roy. Soc , 1905, 76 A, 558 ; 1907, 79 A, 

116 
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iron might be assumed to have eight and ten valencies 
respectively. It is probable, however, that the metal is 
still only divalent, the CO-groups being arranged in a ring 
(see nickel). 

As we have already seen in an earlier chapter, 1 the 
properties of cobalt are intermediate between those of iron 
and nickel. It resembles iron in that it forms two classes of 
salts, namely cobaltous and cobaltic, in which the metal is di- 
and tn-valent respectively Cobalt shows a remarkable power 
of forming complexes with ammonia, to which the name 
cobaltammmes has been given These will be considered 
later. 3 

Nickel apparently functions as a divalent atom only. In 
the tetracarbonyl, 3 Ni(CO) 4 , the metal might be regarded as 
octavalent. There is no reason, however, why the carbon 
atoms should not be arranged m a ring. Thus . 

^CO CO 

Ni^ I 

CO CO 

by which scheme nickel retains its divalency, and a structure 
recalling that of Icuconic acid is obtained. This is apparently 
supported by the fact that the action of chlorine on nickel 
carbonyl takes place according to the equation * 

Ni(CO) 4 + CL, = NiCL, + 4CO 

Osmium apparently functions as an octavalent atom in the 
tetroxide OsO 4 , as does ruthenium in RuO 4 . The potassium 
salts of osmic and ruthenic acids, namely K a Os0 4 and K Q Ru0 4 , 
remind us of potassium sulphate, KgSOa, and judging by 
analogy we are led to impute a valency of six to osmium and 
ruthenium. 

Mond, CAem. Zentr,> 1892, ii, Io6a ; Mond and his co-workers, Trans, 
Cheni. Sac,, 1891, 69, 604 and 1090 , British Assoe , 1891. 

1 See Chapter V. . s See Chapter XVIII. 

3 Mond and Naaini, Rend. Aead. Lineei., 1891, 7, 411 ; Zeti. phys. 
CAem ,8, 150 , Mond, Langer, and Quincke, CAem. MHOS, 1890, 68, 97 ; 
Mond, CAem. Zetttr , 1892, ii, 1062 ; Berthelot, Compt. raid., 1891, 112, 

1343- 

* Dewar and Jones, Traits, Cfum. Sac., 1904, 80, 203. 
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In potassium per-ruthenate, KRuO 4) analogous to potassium 
permanganate, ruthenium possibly functions as a heptavalent 
atom. 

L. Wohler and Witzmann * have recently investigated the 
oxides of indium, and conclude that the monoxide, IrO, does 
not exist. The sesquioxide, Ir s O 3 , dioxide, IrO a> and tnoxide, 
IrO S) are described, m which the metal is apparently tn-, 
tetra-, and hexa-valent, respectively. Arguing by analogy with 
KaGeF fl , B etc., we may attribute to iridium a valency of four in 
the salt NaaIrCl B , as we do in the simple tetrachlonde, IrCl 4 . 

In Ir a Cl a the metallic atom is presumably trivalent, as in 
the analogous salts of iron and aluminium. 

Two chlorides of platinum are known, namely, the di- 
chlonde, PtCla, and the tetrachlonde, PtCl^ from which we 
infer that, like tin, platinum can function as a divalent and a 
tetravalent atom. This would seem to be confirmed by the ex- 
istence of two oxides, PtO and PtO B - The platinum chlorides 
exhibit a strong tendency to unite with other salts to form 
very complex molecules, but these cannot be dealt with here. 

Palladium apparently forms but two oxides, namely PdO 
and PdOs, 8 in which the metal is apparently di- and tetra-valent 
respectively. Palladium tetrachlonde resembles the corre- 
sponding platinum and iridium salts in its power of uniting 
with alkali chlorides to form complex derivatives, for example, 
KsPdCla and (NH^PdCl,,. 

It is well known that palladium readily absorbs or occludes 
large volumes of hydrogen gas. Troost and Hautefeuille * 
believed that a compound of the formula Pd B H was formed. 
This raised the interesting question as to the possibility of 
hydrogen functioning as a divalent atom. Thus : 



1 L. Wohler and Witzmann, Zeit. anorg. Chetn. t 1908, 57, 323. 
3 See Chapter XII. 

3 Wohler and Komg, Zat anorg. C/tem., 1905, 46, 323. 

4 Troost and Hautefeuille, Ann CAim. P/iys., 1874, (5) 2, 279 , 
Compt. rend., 1874, 78, 686 
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Further researches have shown, however, that no compound 
of palladium and hydrogen in the ordinary acceptation of the 
word is formed l 

1 SeeHoitsema, Zett.phys. Cheat , 1895, 17, i , Dewar, PAtl. Mag , 
1874, (4) 17, 324 and 343 ; Mond, Ramsay and Shields, Proc Roy Soc,, 
1897, 62, 290 A clear statement of the whole case is given by Dr. Fmdlay 
in his work entitled The Phase Rule (this series), 19041 p. 176. 



XVIII 
WERNER'S THEORY 1 

AFTER a very careful and thorough study of the complex 
ammino-compounds, Werner was led to suggest a new theory 
of valency, by which he was able to group these substances 
into well-defined classes. The success which rewarded his 
efforts in this field led him to apply his theory to the study of 
simple compounds 

Werner distinguishes two kinds of valency, known as 
Principal and Auxiliary. The principal valencies correspond 
to those generally accepted as belonging to the elements. -The 
auxiliary valencies are somewhat vague and ill-defined. They 
differ from the principal valencies in their smaller energy 
content, and it is regarded as possible for several of them to 
unite and form a principal valence. Groups bound by auxiliary 
valencies are incapable of dissociation. A few examples will 
make this clear. 

Werner writes 

H a N H . Cl 

for ammonium chloride, where the dotted line represents the 
auxiliary valencies joining the hydrogen to the nitrogen. The 
hydrogen atom is thus incapable of dissociation, whereas the 
chlorine atom is free This formula further explains the 
readiness with which ammonia and hydrochloric acid unite 

Several objections may, however, be raised. The nitrogen 
is here represented as tetravalent and the hydrogen as divalent, 

1 A very complete account of this theory is given in Werner's interest- 
ing little work entitled Neuere Anschauwigen auf dem Gebiete der 
anorgamschen CAemte, 1905, Braunschweig. 
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assumptions for which we have no warrant. Further, the 
fourth hydrogen atom is not attached to the nitrogen in the 
same way as the other three. This would lead us to expect 
some difference in its chemical properties But the researches 
of Victor Meyer 1 on the alkylammonium iodides indicate that 
no such difference in reality exists. 

Finally, as Arrhenius 9 has pointed out, if we replace 
hydrochloric acid by a weak acid, for example, acetic, the 
degree of iomsation of this weak acid is increased by neutra- 
lization with ammonia. This, of course, should not occur if 
we are simply dealing with the addition of an NH^group to 
the hydrogen atom of the acid. 

Tetramethylammomuni hydroxide, (CH 3 ) 4 NOH, prepared 
by the action of moist silver oxide on the iodide, (CH 3 ) 4 NI, 
is a strong base, and its degree of iomsation is of the same 
order as that of its salts. Yet according to Werner's theory 
it is to be regarded as an addition product of tnmethyl- 
amine and methyl alcohol, which latter is probably even less 
dissociated than water itself. 

As has already been stated, however, it is in its application 
to the complex ammino- compounds that Werner's theory has 
been most successful and suggestive. By arranging these in 
well-defined groups and drawing up graphical formulae to 
represent their constitution, it has been possible to predict 
the discovery of many new substances. Thus an enormous 
impetus to research in this direction has been afforded to 
chemists, who have not been slow to avail themselves of the 
opportunity The result is that such a vast amount of new 
material has been accumulated, that a whole volume would 
be required for its treatment. In the following pages, there- 
fore, we cannot do more than give an outline of the ingenious 
theory, to which Werner has given expression, in its applica- 
tion to these complex derivatives. 

Two compounds are known having the composition 



1 See Chapter XIII 

' Arrhenius, TAeontn der Ckenne, Leipzig, 1906. 
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Neither isomer shows any appreciable dissociation u 
aqueous solution. It is therefore assumed that the si 
radicles are attached directly to the platinum atom, the fou 
chlorine atoms by principal, and the two NH s -groups b' 
auxiliary valencies. Thus 

Cl 

,.NH 3 

*. 
Cl I "NH 3 

Cl 

It will be clear that if these radicles are arranged spatiall 
round the platinum atom, two different schemes are possibh 
namely, one in which the two NH 3 -groups are adjacent, as a 
RRi or R^RE (Fig. 3), and one in which they are opposite t 
each other, as at RR B or R^. These represent the tw 
isomers known. 

The formulae, which must be employed according to Clev 
and Jorgensen, who have adhered to the usually accepte< 
views on valency, are 

H 3 

CL^ H 3 H 3 Cl^ N Cl 

Cl Ft N N Cl and _^.Pt 
Cl Cl ""N Cl 

H 3 

These formulae are not only clumsy, but fail to explain th 
undissociable nature of the complexes They have th< 
advantage, however, of not attributing to platinum a greate 
valency than four, and the necessity of introducing tetravalen 
nitrogen is done away with. 

Further, it is difficult to see why, if the chlorine atoms i 
Werner's formulae are incapable of dissociation simply becausi 
they are attached to the platinum atom direct, in the casi 
of potassium chloride, where the chlorine is attached wit) 
equal directness to the metal, we have to deal with a highl 
lonisable salt. 
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A second example is afforded by the complex 
Co(N0 3 ) 3 (NH 3 ) 3 

which again is incapable of lonisation. Werner therefo 
writes the formula as 



[Co 



(N0 3 ) 3 -| 
(NH 3 ) a J 



where the six groups are supposed to be spatially arrange 
round the cobalt atom. The three NO fl -groups are attache 
directly to the cobalt by pnncipal valencies, and the NB 
groups by auxiliary valencies Thus : 



N0 



Co* 

N0 a } "NH, 

NH n 

These six groups constitute what is known as the Fu 
or Undissociable Zone. 

If, now, we act on this substance with ammonia, tl 
following substitution products can be obtained : 



]N0 9 fVvNO. 1N0 8 | rn - \% 



YTtfTT N IND ' ^ /MW N " ^ 
( N "a/B J ^ U a ( J-N -"-3^8 jg-Q 

in which one, two, and three NOa-groups, respectively, a 
become ions, having been expelled from the first zone by 
like number of NH a -groups. They now form the Second 
Dissociable Zone, and hover around the nucleus in a som 
what indefinite manner. The number of radicles m the fii 
zone attached directly to the metal, whether by principal 
auxiliary valencies, is known as the co-ordinate number, and 
almost every well-established case is either four or six. 

The ammino-complexes are usually classified as follows :- 
A. : Types in which the co-ordinate number is six. Tl 
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radicles are supposed to be at the corners of a reguls 
octahedron, m the centre of which the metallic atom remain; 




R 5 

FIG. 3 

i. Type [M(NH 3 ) 6 ]X,, 

All members of this type contain a complex positive ion, 
consisting of a central metallic atom, surrounded by six NH 3 - 
groups. They are therefore known as hexammmes. The 
valency of the complex radicle is the same as that of the 
central metallic atom, for the NH 3 -groups are regarded as 
attached by auxiliary valencies, thus leaving the principal 
valencies of the metal free 

All the negative radicles can become ions, and, in the case 
of the chlorides, may be precipitated by silver nitrate in the 
cold. 

At present three classes belonging to this type are known 
namely those in which M represents a tetravalent, bivalent* 
and divalent metal respectively. The following examples will 
make this clear . 

Class i. n == 4. [Pt(NH a ) 6 ]Cl J . 
Class 2. n = 3 [Co(NH 3 ) fl ]Cl a . 
, Class 3 = 2 [ 
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.. Type 

The peculiarity of this type is that although the complex 
contains n negative radicles, only i of these are lomsable. 
One radicle is therefore assumed to have replaced an NH 8 - 
group in the inner zone; and to have thus become directly 
attached to the central metallic atom. It is therefore incap- 
able of lonisation Since five NH 3 -groups remain in the 
complex positive ion,, the salts are known as the acido- 
pentammmes. 

The large majority of complexes of this type are deriva- 
tives of tnvalent metals, such as cobalt, chromium, rhodium, 
and indium. Since the first compounds studied had a reddish- 
violet colour, the general name of purpureo-salts has been 
given to this group. 



3. Type 

On the removal of a molecule of ammonia from the 
acidopentammines, one more negative radicle enters the 
inner zone, and a diacidotetrammino-salt results. 

When n is equal to 2, the molecule 



shows no appreciable iomsafaon, since theie are no negative 
radicles in the outer zone. Consequently all the radicles are 
attached directly to the central metallic atom. * Whilst such 
examples are rare, many complexes are known belonging to 
this type, where the central atom is tnvalent. Among the 
most important of these are derivatives of cobalt and 
chromium. Several compounds of tetravalent platinum 
belonging to this type have also been prepared. 



4 . Type 

Members of this type are known as triacidotriammines. 
When n is equal to three, that is, when the central atom is 
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tnvalent, the complex ceases to show lonisation in aqueous 
solution. For example 



* Cobalt. [Co (N %J, 

[Cl ~l l 
Cr p s J 

When the central metallic atom is tetravalent, two ions 
are formed on solution in water, namely, a complex positive 
ion, and a simpler negative ion. Thus, for example, 

[pt j^Cl y ields the lons [ Pt NH 3 ] >and C1>> 



As examples of this type, the platmidiammmes may be 
quoted 

f (NH 8 ) 2 - r pt (NH 3 ) fl -l r R (NH 8 ) 
Pt " ^ 



C1 4 Br 4 

in which platinum functions as a tetravalent element 

These complexes dissolve in water without exhibiting 

electrolytic dissociation. 

If the valency of the central metallic atom is less than four, 

the co-ordinated group becomes negative in character, and 

the radicle in the outer zone becomes a positive ion. For 

example : 

a. Cobalt*. [Co^K, (Erdmann's salt) with one 



positive ion. 

b. Copper : Cu^ 13 ^ 2 (NH^a, with two positive ions. 



6. Type [M N J* 8 ] X^. 

No salts of a hexavalent metal belonging to this type are 
known 

1 Py stands for one molecule of pyridine. 
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When M is tetravalenl, the complex group becomes 
negative in character, as, for example, in Cossa's salt 



which contains one positive ion in the outer zone. The 
corresponding cobalt salt 



is not known. 

7. Type [MXJ. 

Tins is, strictly speaking, no ammmo-type at all, for the 
last NHg-group has now been leplaced by a negative radicle 
As examples of this type we have : 

a. Potassium platmichloride, [Pt Cl ]Ka 

I Potassium cobalLmi trite, [Co(NOg) 6 ]K 3 

c. Potassium cadmium chloride, [Cd Cl n ]K 4 

B. Types in which the co-ordinate number is four. The 
radicles are supposed to lie in a plane round the central 
metallic atom, the vertical axis being absent. 




FIG. 4. 

As examples of these, the following derivatives of divalent 
platinum may be cited 



[Pt(NH 3 )JCl B , 

[PtCljK 2 
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Hydrates 

The application of Werner's theory to the study of hydrates 
is interesting 

When sulphur tn-oxide dissolves in water, it is assumed 
that a hydrate is first formed, owing to the oxygen of the 
water uniting with the sulphur by means of auxiliary valencies. 

038 .OH, 

The mobility of the hydrogen ions now causes a rearrange- 
ment, whereby sulphuric acid 

OH 



is produced 

In an analogous manner copper chloride may be supposed 
to combine with two molecules of water Thus 

Cl OH a 

Cu 
Cl OH a 

This molecule is capable of electrolytic dissociation, whereby 
the ions 

Cl OH B 

Cu and H 1 
Cl OH' 

are formed, and the solution reacts slightly acid. This 
explains the readiness with which basic salts are formed. 

In such salts as zinc sulphate, ZnSO 4 7H a O, and copper 
sulphate, CuS0 4 sH B O, we have apparent exceptions to 
Werner's rule that the co-ordination numbers are either 4 or 6. 
Werner suggests, however, that in each case one molecule of 
water is attached to the sulphuric acid radicle. This certainly 
explains the greater difficulty experienced in expelling the last 
molecule of water. 

As is well known, the alums contain twelve molecules 
of water, that is, twice the maximum co-ordination number. 



WERNERS THEORY 129 

Werner's explanation is exceedingly ingenious. He points out 
that water molecules are associated to a slight extent. The 
expenments of Thomsen indicate that their true formula is 
(HjO).j. 1 This double molecule is regarded as taking the 
place of a single molecule. Thus, for example, potassium alum 
is represented by the formula 

XK 

Valency Isomerism 

Since the principal and auxiliary valencies are assumed 
by Werner to possess very distinct energy contents, it is of 
interest to inquire if this difference does not imply the possi- 
bility of a new kind of isomerism. For example, consider 
the complexes 



r x - / Y i r 

JVT R B and 

L "^vj L 



- 

M. 



These resemble one another in every respect, except that 
in the one, X is attached to M by an auxiliary valence, and Y 
by a principal one, whereas in the other the reverse is true. 
Werner believes that not only is this kind of isomerism pos- 
sible, but that in a few cases such isomers have actually been 
prepared. He cites the following as a case in point. 

Two substances are known having the formula 

Hg(CN) a .N(CH 8 ) 4 r 

One is colourless, and is attacked neither by sodium 
hydroxide nor by hydrochloric acid, whilst the other is yellow, 
and deposits mercuric iodide, HgLj, on addition of nitric acid. 
Werner therefore writes these complexes graphically as 
follows : 



I~CN^ -i 

>Tg....CN 

L i J 



THg .1 N(CH), and Tg....CN N(CH 3 ) 4 

-^ J 

(colourless) (yellow) 

1 See Oxyffea, Chapter XV. 
T.P.C. 
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A second example is afforded by a complex halogen 
ivative of thallium, namely TlBr 3 . sTICI, to which Werner 
ribes the two formulae 



Br T1--C1 Tl and Cl Tl--Br Tl 

~< "CUT1 LCI "BrJTl 

(dark red) (orange) 



I 

r 



XIX 

ELECTROCHEMICAL THEORIES 

E theories which up to the present have engaged our 
ention have assumed that valency is merely an attractive 
ce, not unlike that knovra as gravity. The most casual 
server, howevei, cannot fail to be struck by the fact that the 
ist stable compounds are formed by the union of elements 
opposite electrical character, as for example potassium and 
onne. On the other hand, elements of similar character 
her do not combine at all, as in the case of chlorine and 
Dime, 1 or they combine only with difficulty, as for example 
rogen and chlorine. It is not remarkable, therefore, that 
nacrous attempts should have been made, from time to 
le, to account for chemical combination on electrochemical 
mnds. 

Davy's Theory 

In his Bakerian Lecture delivered on 2oth November, 1806, 
Humphry Davy 3 laid special emphasis on the close con- 
ation which he had observed to exist between electricity and 
iroical affinity. He pointed out that chemical attraction 
ween two bodies could apparently be destroyed by impart- 
to one of them an electrical charge different from that 
ich it was supposed to contain naturally. On the other 
id, by imparting the same kind of charge, or, as Davy 
>resses* it, by increasing its natural energy, the force of 



-i j - - w a 

1 Lebean, Campt raid., 1906, 143, 425. 
8 Davy, Phil. Trans., 1807, p. I. 
131 
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chemical attraction may be greatly intensified. For example, 
metallic zinc under ordinary conditions easily admits of oxida- 
tion. When negatively electrified, however, the reverse is 
true. Again, silver is difficultly oxidizable unless positively 
electrified. 

If we have two bodies, the particles of which are in 
different electrical states, chemical combination may be 
expected to take place. The stability of the resulting 
compound will be the greater, the more perfectly balanced 
the electrical energies aie. The change in properties will be 
correspondingly proportional. This is the simplest case of 
chemical union. It is usually found, however, that two 
different bodies have different degrees of the same electrical 
energy in relation to a third For example, according to 
Davy, sulphuric acid has a greater attraction for lead than 
muriatic acid. Consequently, when two bodies, repellent to 
each other, act on a third body with different degrees of the 
same electrical attracting energy, that body possessing the 
weaker energy is repelled. This affords an explanation for 
what is known as elective affinity, and for the decompositions 
produced in consequence. 

On the other hand, when two bodies have different degrees 
of the same energy with regard to a third body, and likewise 
different energies with regard to each other, there might be 
such a balance of attractive and repellent forces as to produce 
a triple compound. By following up this line of argument it 
is easy to see how more complicated structures may be 
accounted for. 

Whenever bodies, raised by artificial means to exalted 
states of opposite electrification, are brought together, light 
and heat result. This was regarded as a confirmation of the 
above electrical theory of chemical affinity, for both light and 
heat result from intense chemical action. As in certain forms 
of the voltaic battery large quantities of electricity of low 
intensity are brought into action with the production of heat 
but no light, so in slow chemical combinations, a rise of 
temperature may be observed, unaccompanied by the emission 
of light, The effect of heat in producing chemical combination 
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was supposed to be due to its increasing the motion of the 
particles, and raising their state of electrification. 

The Dualistic Theory of Ber/elms was essentially an 
electrochemical one As we have already seen in an earlier 
chapter, every compound was, according to Berzehus, made up 
of two parts charged with electricity of opposite sign. This 
hypothesis was m harmony with the observation of Ritter, 1 that 
electricity originated with chemical decomposition. 

Crum Brown's Hypothesis 

In 1 86 1, Crum Brown 3 suggested a theory of chemical 
combination which calls for consideration here. He assumed 
that each atom possesses two kinds of attractive force, which 
may be termed positive and negative respectively. The point 
towards which these forces act is known as the pole or active 
point. Monovalent elements such as hydrogen possess but 
one such pole; whilst oxygen would have two, and so on. 
When two atoms unite, an amount of the positive force of the 
one used up is equal to the amount of negative force employed 
in the other, and via versd. 

The author did not regard these forces as electrical, for 
they were assumed to act at the same point at the same tune, 
whereas electrical forces would wholly or partially neutralize 
each other. In all other respects, however, the forces exhibit 
an electrical nature, and for the sake of convenience in classi- 
fication they may be regarded as due to charges of electricity 
situated on the atom indefinitely close to one anothei. When 
a divalent atom combines with two monovalent atoms, the 
forces in the_former will be divided between its two poles, in 
a certain proportion depending on that in which the two 
forces exist in each of the two monovalent atoms. For 
example, consider the molecule of water, H 3 0. The foices 
m the oxygen atom will be equally divided between the two 

1 Ritter, Elektrischrs System, p. 49. 

B Crum Brown, On the Theory of Chimical Combination, Edinburgh, 
1861 ; first published, March, 1879, 



is ascribed. 

The negative force of the oxygen atom attracts the positive 
rce in the carbon atoms towards itself m a greater measure. 
jnsequently there will be an accumulation of negative force 

the two poles opposite the two hydroxyhc oxygen atoms. 

order to balance this there will be an excess of positive 
rce at the poles of these two oxygen atoms nearest to the 
rbon atoms, and an excess of negative force will be directed 
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drogen atoms, for there is no reason why one of these 
>uld appropriate more force than the other. If, however, 

replace one atom of hydrogen by one of potassium a 
dy which possesses a greater amount of positive force the 
ne equal division will not take place More of the negative 
ce in the oxygen will accumulate at that pole which is next 
the atom of potassium, and more of the positive force at the 
le next to the remaining hydrogen atom This latter will 
t now be so readily replaceable by positive atoms, as it was 
;viously. On the other hand, it will be easily removed in 
r our of a negative ladicle In other words, we have here an 
planahon for the fact that its chemical relations have been 
)dified by the properties of the potassium atom, although the *, 

ter is not in direct combination with it. , 

By a similar process of reasoning an explanation is forth- 
ming for the fact that whereas glycol (to which Crum Brown 
ve the graphical formula identical with that employed 
day) 

H H 

I I 

H O C - C O H 1 

I I 

H H 

hibits no acid properties, yet by replacing two atoms of 
drogen by one of oxygen, glycollic acid is obtained, to 
uch the formula 

H O C"" ""C H 
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towards the two hydroxylic hydrogen atoms. These will 
therefore be more easily replaced by positive atoms than 
before, that is, than in glycol. Hence the body now reacts 
as an acid. 

If, now, one of these hydrogen atoms be replaced by 
a positive atom, such as for example potassium, this will 
again alter the balance. There will be an accumulation of 
negative force at that active point turned towards the potassium, 
and the excess of negative force will be drained away, so to 
speak, from the one remaining hydroxylic hydrogen atom. 
Consequently this last-named atom loses its acid properties. 
Glycolhc acid therefore reacts simply as a monobasic acid. 
In a similar manner explanations may be found for many 
other interesting observations. 

As early as 1869, Blomstrand 1 pointed out that those 
elements, which are decidedly electropositive or electro- 
negative, have the lowest saturation capacity. For example, 
if the halogens act decidedly negatively, their valency is 
always unity. Hence the generalization may be couched in 
the following manner: 2 Tfw intensity of electrocJiemical activity 
of an atom is inversely proportional to the numerical val-ue of its 
valency 

In his famous Faraday Lecture in 1881, Helmholtz revived 
the old idea that valency was the result of electrical forces. 
He boldly stated his conviction that there could be " no doubt 
that the very mightiest among the chemical forces are of electric 
origin. The atoms cling to their electric charges, and opposite 
charges cling to each other ; but I do not suppose that other 
molecular forces are excluded, working directly from atom to 
atom." 3 . . . " If we conclude from the facts that every unit of 
affinity is charged with one equivalent either of positive or of 
negative electricity, they can form compounds, being electrically 
neutral only if every unit charged positively unites under the in- 
fluence of a mighty electric attraction with another unit charged 

1 Blomstrand, CJiemiederJetttseit, 1869, 217 and 243, 
- Hiunchsen, Zett. fhys. Chem , 1902, 39, 305 
1 Helmholtz, Trans. Chem. Sac., 1881, 39, 302-3. 
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negatively. You see that this ought to pioduce compounc 
in which every unit of affinity of every atom is connected wil 
one and only one other unit of another atom. This, as yc 
will see immediately, is the modern chemical theory i 
quantivalence, comprising all the saturated compounds. Tr 
fact that even elementary substances, with few exceptions, ha% 
molecules composed of two atoms, makes it probable th: 
even in these cases electric neutralization is produced by th 
combination of two atoms, each charged with its full elector 
equivalent, not by neutralization of every single unit < 
affinity." 1 

During the past few years chemists and physicists ha-v 
begun to consider valency from the point of view of Heln 
holtz. Our knowledge of the connection between matter an 
electricity has been so greatly extended, that the electrics 
nature of chemical affinity is regarded by many as certain. I 
1901, in a lecture delivered at Hamburg, Nernst emphasize 
the views of Helmholtz in the words : " If, further, the mos 
different elements or radicles invariably combine only with 
definite quantity of free electricity, or with a multiple thereo 
this can be most simply expressed by the statement : * Fc 
compounds between ordinary matter and electricity, exactl 
the same fundamental chemical law holds as for compound 
with each other of ordinary chemical substances, namely th 
law of constant and multiple proportions.' For example, i 
in common salt, we replace the sodium atom by a negativ 
electron, we obtain the negative chlonon ; if we replace th 
chlorine atom by a positively charged election, we obtain th 
positive sodium ion." 

We are indebted to J. J Thomson 2 and his pupils fo 
much of our knowledge about electrons. Thomson has showi 
that, in the conduction of electricity through highly rarefie< 
gases, the negatively charged particles, constituting th. 
cathode rays, carry a charge identical with that conveyed b* 
an atom of hydrogen or any other monovalent element, whei 
acting as an ion in a solution. Further, the mass of these 

1 Helmholtz, Trans Chem. Soe , 1881, 89, p. 303. 

- Conduction of Electricity through Gases, J, J, Thomson, 1903. 
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particles does not exceed one-thousandth of that of the 
hydrogen atom, neither is it changed by altering the substance 
supplying the particles To these particles the name corpuscle 
has been given by Thomson, but the more commonly used 
name electron was devised by Johnstone Stoney. 

According to Lodge, 1 " Every electric charge is to be 
thought of as due to the possession of a number of electrons, 
but a fraction of an electron is at present considered impos- 
sible, meaning that no indication of any further subdivision 
has ever loomed even indistinctly above the horizon of 
practical or theoretical possibility. The electrification of an 
atom of matter consists in attaching such a unit to it, or in 
detaching one from. it. An atom of matter with an electron in 
excess (or in defect) is called an ion." 

Lodge a has also discussed the question of variable valency, 
and shows that it is not inconsistent with the supposed con- 
nection between electrons and chemical affinity. 

" It has been," he writes, " an occasional habit with 
physicists when speaking of lines of force to think of a single 
line of attraction or elastic thread joining each negative 
electron to its corresponding positive charge, each unit 
charge, in fact, being regarded as the end of a line of force 
and nothing else. . . . But . . . there is no evidence that 
each unit of charge ought to have assigned to it one solitary 
line of force, it might have a great number , though it is true 
that on that view it becomes a definite question how many 
lines a unit charge possesses. On any view electrons are 
supposed to repel and to be attracted with a force varying as 
the inverse square of the distance, and this is only consistent 
with a very large number of lines of force radiating from each 
and starting out in every direction equally. 

" When opposite charges have paired off in solitude, every 
one of these lines starts from one and terminates on the other 
constituent of the pair, and the bundle or field of lines consti- 
tutes a full chemical bond; but bring other charges or other 
pairs in the neighbourhood, and a few threads or feelers are 

1 Lodge, Modern Views on Matter, The Romanes Lecture, 1903. 
4 Lodge, Watrtre, 1904, 70, 176. 
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at once available for partial adhesion in cross directior 
also. . . . The charge is indivisible, . . . but the lines of fore 
emanating from it are not indivisible . . The bulk of thei 
may be occupied with straightforward chemical affinity, whi] 
a few strands are operating elsewhere ; and the subdivision < 
force may go on to any extent, giving nse to molecular con 
bination and linking molecules into complex aggregates, etc.' 

This view is extremely interesting, for, as P. F. Frankland 
points out, it shows the possibility of the existence of an 11 
definite number of different grades of chemical union, wherea 
up to the present, only one such grade has been recogmzec 
Thus, for example, in the dry state, sodium chloride ma 
be looked upon as the union of one sodium atom with one < 
chlorine, effected by a Faraday tube or bundle. On dissolvir 
the salt in water, however, some of the constituent fibres 
the bundle become severed, with the result that the sodmi 
and chlorine atoms become respectively combined with wate 
If excess of water be now added, all the fibres of the bund 
may become severed and the connection between the atoms 
sodium and chlorine is thus broken. The Faraday bundl 
starting with its positive end on the sodium atom, will no 
terminate at its negative end in a number of fibres attached 1 
different molecules of water. Similarly the bundle, beginmr 
with its negative end on the chlorine atom, will now termma 
at its positive end in a number of fibres likewise attached 1 
different water molecules. In this way an explanation 
forthcoming for the well-known fact that when common sa 
dissolves in water, it is dissociated into sodium and chlonr 
ions. 

It is a little dangerous, however, to recognize the existenc 
of so many different grades of chemical union. It is only t 
keeping the numerical value of the valency of the elements 
small as possible that we are able, with any degree of certaint 
to draw up graphical and constitutional formulae for chemic 
compounds. Thus, for example, unless we limit the valencii 
of carbon and hydrogen to four and unity, respectively, 
large number of graphical formulae might be drawn up 
1 Frankland, Nature, 1904, 70, 223. 
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represent such a simple substance as methyl iododichlonde, 
C H ,1 CL, ' But the scheme 

Cl 

H 8 C.I^ 
Cl 

is perfectly satisfactory. 

W. Peters 12 points out that according to the electronic 
theory of chemical affinity, the forces acting between the atoms 
of a molecule are nearly independent of the masses of the 
atoms. Hence if two gases have the same number of atoms 
in equal volumes, and if they yield the same value for y the 
ratio of the specific heats at constant volume and pressure 
then they possess the same molecular heat and internal energy 
at any fixed temperature. Consequently the total number of 
affinities acting between their atoms must be the same. 

Thomson's Theory 

According to J J. Thomson 5 the atom consists of cor- 
puscles moving in a sphere of uniform positive electrification. 
The mass of the atom is given by the sum of the masses of the 
corpuscles it contains. 

The question therefore arises How are the corpuscles 
arranged ? 

If constrained to move in one plane only, they must 
arrange themselves in a series of concentric rings. If, howevei, 
they are free to move in every direction, a series of concentric 
shells will be formed. A general solution for this latter case 
has not yet been arrived at. But the same kind of properties 
are associated with rings as with shells, and the author shows 
that the ring structure confers on the atoms properties which 
are analogous in many ways to those possessed by the chemical 
elements. In particular it is shown that the properties of the 
atom will depend upon the number of corpuscles it contains, 

1 Thiele and Peter, Her, 1905, 38, 2842 

* Peters, Zett EJektrochetn , 1907, 13, 657. 

3 Thomson, Phil Mag., 1904, (vi.) T, 237 ; 1906, (vi.) 11, 769. 
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that is, upon its atomic weight, m a way very analogous to tl 
expressed by the Periodic Law. 

Thomson calculates that, if the atom consists of five cc 
centnc rings, then 59 is the smallest number of corpuscl 
which can have an outer ring of 20 When, however, t 
total number of corpuscles exceeds 67, the outer ring has me 
than 20 Consider the following series of arrangement, win 
indicates the number of corpuscles contained in successi 
rings, when the total number of corpuscles varies from 59 
67. The outer rings all contain 20 corpuscles. In the fi] 
group the total number of corpuscles is 59, which is only ji 
sufficient to impart stability to the outer ring. Hence, wh< 
the corpuscles are displaced, the forces of restitution urgii 
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them back to their original positions are small, and one i 
more corpuscles may easily be detached. By losing a. corpusc 
such an atom will become positively charged, and behave hi 
an atom of an electropositive element. 

Passing from group 59 to group 60, the outer ring become 
more stable, for the atom now contains an additional corpuscl 
Consequently the atom is not so strongly electropositive as tt 
preceding one. The addition of each successive corpusc 
makes it more difficult to detach corpuscles from the out< 
ring, and the element becomes less electropositive When th 
stability becomes very great, it may be possible for one c 
more corpuscles to he on the surface of the atom withoi 
rupturing the ring. In this case the atom could receive 
charge of negative electricity, and would behave as an atom o 
an electronegative element. This increase of stability wouL 
continue until we had a total of 67 corpuscles m the atorr 
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and this is the condition of maximum stability for an outer, 
ring of 20. 

A great change m properties occurs if we have 68 corpuscles 
in the atom The number in the outer ring now increases to 
21, a condition which is on the verge of instability, and by 
readily losing a corpuscle, the system resembles the atom of a 
stiongly electropositive element. 

The properties of the 59- and Gy-corpuscle atoms are very 
interesting, since these latter occur at the beginning and end 
of a series, which has 20 corpuscles in the outer ring. In 
group 59 the arrangement of corpuscles, though very near 
to the fringe of instability and therefore very liable to lose 
a corpuscle, would not be able to retain the positive charge 
thus acquired. For when it had lost a corpuscle, the 58 left 
would arrange themselves in the grouping corresponding to a 
58-corpuscle atom, which is the last of a series containing 19 
corpuscles in the outer ring This ring is very stable, so that 
no more corpuscles could escape from it. 

On the other hand, the positive charge on the system due 
lo the escape of the sgth corpuscle would attract the neigh- 
bouring corpuscles. Hence the arrangement could not remain 
permanently charged, for as soon as one corpuscle had escaped 
it would be replaced by another. An atom constituted in this 
way would be neither electropositive nor electronegative; it 
would be incapable of receiving a permanent charge of 
electricity. 

The group containing 60 corpuscles would be the most 
electropositive of the series. It can lose one corpuscle, but 
only one, for if it lost two, we should have a group of 58 
corpuscles, similar to that obtained when one was removed 
from a sg-corpuscle atom, and such a system would be even 
more likely to attract external corpuscles, for it would have two 
units of positive electricity instead of one. Thus the 60- 
corpuscle system could be charged with one unit of positive 
electricity, but with no more. It would therefore act like the 
atom of a monovalent metal. 

The group containing 61 corpuscles would not part with 
any of these as readily as a group of 60 It could, however 
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afford to part with two, and it is not until it has lost three tha 
its corpuscles are reduced to 58, and it begins to acquire fres 
ones. It is clear, therefore, that the 6 1 -corpuscle system migt 
get charged with two units of positive electricity, and thu 
behave like the atom of a divalent metal. 

Similarly group 62, though even less liable to lose corpuscle 
than group 61, may lose three without beginning to recove 
corpuscles. It would thus acquire a charge of three units c 
positive electricity, and act like the atom of a trivalen 
metal. 

Let us now proceed to consider the system containing 6 
corpuscles. The outer nng is very stable, and if it acquire' 
an additional corpuscle rearrangement would take place, am 
an outer nng containing 21 corpuscles would be formed. A 
68 is the smallest number of corpuscles which can exist unde 
these circumstances with an outer ring of 21, it is clear that . 
corpuscle may easily be lost The resulting group of 67, a 
soon as it acquired a negative charge in this way, would lose i 
again, and the system, like that containing 59 corpuscles, i 
thus seen to be incapable of receiving a permanent charge. I 
therefore acts like an atom of zero valency 

Group 66 would be the most electronegative of the series 
It would, however, be only able to retain a charge of one um 
of negative electricity, for if it acquired two, there would be 6. 
corpuscles, an arrangement which, as we have seen, readil 
loses corpuscles. This group of 66 would therefore act lik 
the atom of a monovalent electronegative element 

Group 65 would be less liable than group 66 to acquir 
negative corpuscles. On the other hand, it might retain twi 
additional corpuscles, and thus be charged with two units o 
negative electricity. Its properties would thus resemble thosi 
of a divalent electronegative element. Similarly group 6. 
would act like a tnvalent electronegative element. 

We thus have a senes of nine groups, the first and last o 
which behave like atoms incapable of exerting valency. Pro 
ceeding in the order of increasing number of corpuscles we fine 
systems corresponding to mono-, di-, and tri-valeut electro 
positive elements, and, at the other end, systems corresponding 
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o tri-, di-, and monovalent electronegative elements. This 
3 similar to the Periodic Classification : 

He Li Be B C N O F Ne 
Ne Na Mg Al Si P S Cl A 

nd so on. 

When atoms with very stable outer nngs are mixed with 
thers, the corpuscles of which are not so firmly attached, a 
ansference of corpuscles may take place. The electronegative 
toms will thus receive a negative charge, and the electro- 
ositive atoms a positive charge. These oppositely charged 
toms will attract one another and a chemical compound will 
e formed. 

Abegg's Theory 

Abegg and Bodlander 1 and Abegg 2 have worked out a 
sry complete theory, according to which every element 
ossesses two kinds of valency, namely Normal and Contra- 
alency. These are of opposite polarity, but the former is 
jgarded as the stronger, and corresponds to the usually 
ccepted valencies of the elements. 

In the case of the metals the normal valencies are positive, 
ut negative in the non-metals. The total sum of the 
alencies is, in every case, eight, for 

Normal Valencies = 8 Contravalencies. 

The following table, based on the Periodic Classification, 
lows how these valencies are distributed amongst the 
iements 

Valencies. Groups. 

i. 2. 3. 4 5. 6. 7. 
normal + i + 2 + 3 3 2 ~r 

4 

contra -7-6-5 +5+6+7 

It frequently happens that all the normal valencies are not 
xerted, and the contravalencies may likewise remain latent. 

1 Abegg and BodMnder, Zett. anoig, C&em., 1899, 20, 453. 
* Abegg, Zat anorg. Cfuut. t 1904, 89, 330. 
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The latter, however, increase in activity as the atomic weight 
rises, as is well shown in the case of the halogens. Whilst 
fluorine with an atomic weight of 19 is unable to combine 
with oxygen, iodine with an atomic weight nearly seven times 
as great gives a very stable oxide. 

It is well known that metallic molecules are almost 
exclusively monatomic when in the vaporous state. Non- 
metallic molecules, on the other hand, are usually polyatomic, 
owing to the activity of their contravalencies. 

The actual strength of the several normal valencies of 
any one element is regarded as the same before actual 
combination, but saturation of any one of them weakens 
the rest. This affords an explanation for the fact that the 
valency which any particular element exhibits depends on the 
character of the atom or group to which it is attached. For 
example, the highest chloride of arsenic has the formula 
AsCl 3 , but towards fluorine arsenic can function as a penta- 
valent atom, for Ruff and Graf 1 have succeeded in isolating 
the pentafluonde, AsF B Attention is called to the so-called 
amphotenc elements, 13 such as sulphur, nitrogen, and arsenic, 
which can exert positive and negative affinities, but not both 
at the same time. 

Ammonium chloride may be represented by the scheme 



H + -^ 

where the contravalencies are represented by dotted lines. 
Since the fourth hydrogen atom is here attached by its 
weak contravalence an explanation is forthcoming for the 
fact that ammonium chloride readily dissociates on heating. 
As we have already seen, a however, there is every reason 
to believe that the four hydrogen atoms in ammonium chloride 
are equivalent, and that no such difference as that indicated by 
Abegg's formula in reality exists. 

Association is attributed to the existence of unsaturated 

1 Ruff and Graf, Ber. t 1906, 39, 67. * Abegg, op, cif., p. 340. 

See page 85. 
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lencies in at least one of the constituent atoms. We might 
erefore expect such molecules to contain one or more 
sments belonging to the higher groups in the Periodic 
stem This is frequently found to be the case, as for 
ample, the molecules of water, H a O, nitrogen peroxide, 
3 O 4 , hydrofluoric acid, H B F.,, etc. For a similar leason we 
ould anticipate that these elements would play an important 
rt in the foimation of the so-called molecular compounds, 
or are we disappointed, for the alums, double chlorides, 
amomates, and alcoholates are cases in point The advantage 

this theory is that we do not need to postulate the existence 

indefinite crystallographic forces to account for the forma- 
m of these complexes. 

The application of Abegg's theory to the study of solutions 
of special interest. When the solution of a substance in a 
mid is accompanied by change of temperature, it is assumed 
at combination has taken place between solute and solvent 
lien both of these contain elements of high, but not com- 
etely saturated, valency, the effect is most conspicuous, 
he solute will tend to prevent the association of the solvent, 
id vice versa. 

In electrolytic solutions we theiefore have the following 
mihbria : , 

(1) Undissociated molecules ^ ion + ion 

(2) Undissociated molecule + solvent =? compound of 

undissociated molecule and solvent. 

(3) Solvent + ion ^ compound of ion and solvent. 
When salts dissolve in water, there is but little tendency 

r (2) to take place, since (i) is well developed, and the salt 
almost entirely ionised. 



Spiegel and Arrhenius 

In 1902, Spiegel 1 suggested that certain elements possess 
tiat he terms neutral affinities^ that is, valencies which can 
2 called out in pairs of equal and opposite sign, and which, 



T.P.C, 



1 Spiegel, Zrit, anorg. CAeta , 1902, 29, 365, 
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when not externally saturated, neutralize one another They 
exert, therefore, no action on the electrochemical character ol 
the element. 

In ammonia, NHj, three valencies of nitrogen are active, 
and in water, H a O, two of oxygen In the ammonium and 
oxonium salts, however, neutral affinities are called out. The 
power of exerting neutral affinities is not confined to nitrogen 
and oxygen. Other elements may possess them, as for 
example platinum, the atom of which may he schematically 
represented as 

tlZT> 

t-rt- 

On the right, the four active valencies are shown. On the 
left, two pairs of neutral affinities. Potassium platimchloridc, 
KPtCl B , has therefore the graphical formula 

K_ Cl 



C1-- --C1 

The co-ordinate numbers of Werner thus become the sum of 
the active and neutral valencies. 

The subject has not been worked out m any detail, but 
further contributions are promised 

Arrhenms 1 has given expression to very similar views. 
His electrical double valencies correspond to Spiegel's neutral 
affinities, but his theory has not been so fully worked out. 

Ramsay's Theory 

A great advance in the electrical conception of valency has 
recently been made by Ramsay. In his Presidential Address 
to the Chemical Society in March, 1908, he suggested the 
following hypothesis : 

1 Arrhcmns, Theorien der CAcmte, Leipzig 1906. 
* Ramsay, Trans. Chem. Sac,, 1908, 98, 778. 
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" Electrons are atoms of the chemical element, electricity , 
they possess mass , they form compounds with other elements , 
they are known in the free state, that is, as molecules ; they 
serve as the ' bonds of union ' between atom and atom " 

To the electron Ramsay assigns the symbol E. When 
common salt dissolves in water it becomes ionized. The 
sodium now carries a positive charge, and the chlonne an equal 
negative charge. In other words, the sodium ion, or 
" sodion," is an atom of sodium minus an electron, and the 
chlorine ion, or "chlonon,"is an atom of chlorine plus an 
electron. The sodium atom may therefore be regarded as a 
compound of the element sodion with an electron, whilst, on 
the other hand, the chlonon is a compound of an electron 
with an atom of chlorine. 

The metal sodium readily combines with chlorine, as 
every chemist is aware, with the production of common salt. 
If, for the sake of simplicity, we regard the chlorine molecule 
as already split up into atoms before the introduction of 
the sodium, the equation representing this change may be 
written as 

ENa + Cl = NaECl. 

Here the electron, E, serves to unite the atom .of sodium 
to the atom of chlorine. In othei words, it is the electrical 
interpretation of that connecting force known as valency. 

In order to form a mental picture of what occurs, Ramsay 
suggests that an electron may be regarded as an amoeboid 
structure which surrounds a positive ion, converting it into 
an atom. The atom ENa may therefore "be conceived 
of as an orange of sodium surrounded by a rind of electron." 
When, however, combination between the sodium and 
chlorine atoms takes place, the electron collects on one side 
of the sodium atom, and forms a cushion between it and the 
chlorine, thus : NaECl. 

Now, suppose we consider two atoms of the same element, 
for example, chlorine. Here we have, apparently, two atoms 
joined together without an electron. But such is not really 
the case. In C10 8 , KC1Q,, and KCIO^, chlorine is evidently 
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functioning as a polyvalent atom. In other words, it has a stor 
of electrons. In potassium perchlorate it may be regarde. 
as heptavalent, so that it can dispose of at least seven elec 
trons. The molecule C1 2 may therefore be written E H C1EC1E 
etc. Of course this is far too cumbersome, and in our ordmar 
formulas we can afford to ignore the latent electrons and mak 
use of those only which are of service for the moment. 

When ammonium chlonde is dissolved in water, it is di 
sociated into NH 4 and Cl' ions. We may therefore regard it 
molecule as NH 4 EC1. On solution in water, E remain 
attached to the chlorine atom, converting it into an ion. W 
may suppose that the nitrogen atom itself carnes five electrons 
and receives three more from the three hydrogen atoms u 
ammonia, NHa. This makes the grand total of eight, whicl 
is regarded as the maximum possible. If therefore, we tr 
and add one more, as in NH 4 , this is impossible, unless th 
nitrogen can part with one to a negative ion such as chlorine. 

We must now pass on to consider the nature of Werner' 
complexes, in the light of Ramsay's theory. As a typica 
example we may take the nitntes of the cobaltammines 
which possess the peculiarity of being non-ionized, or partiall 
or completely ionized, according to the number of ammoni 
groups present. Thus, whilst 

,N0 3 ) 8 -| 
NH 3 ) 3 J 

is non-ionized, the complexes 




contain one, two, and three NO 2 ions respectively. We hav 
already seen that, according to Ramsay's theory, the nitrogei 
in ammonium chlonde takes one electron from the fourtl 
atom of hydrogen, and parts with one to the chlorine. L 
a similar manner each nitrogen atom in ammonia groups o 
the cobaltammines may be regarded as receiving one electro 
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om the cobalt, and giving one at the same time. The 
rmula for the undissociated tri-ammmo-nitrite is therefore 

NH 3 
11 



I 
NH 3 

If a fourth NH 9 group is now added, the cobalt atom gives 
i electron to the nitrogen, but does not receive one in return. 
he nitrogen is therefore " overloaded," for it has received 
>ur electrons in addition to the normal five, which makes 
ne in all. As elements are apparently incapable of being 
isociated with more than eight electrons, the nitrogen must 
se one. This it does by imparting one to an NO 3 group, 
hich now parts company with the cobalt atom, and becomes 
mizable on solution m water, since a complex ammonium 
itnte has thus been formed The following scheme will 
take this clear : 



NO S 
t 



I % 

H 3 N NH., 

'he remaining formula; may be written similarly 

>jN HjN NHj N0 a O U N H 3 N NH a NO, 

^\ /? ^ / 

H 3 N^Co NO U and H 3 N ^ Co-NH 3 N0 a 

^ % # ^ 

H.,N NH, H 3 N NH-, 

We have now to find an explanation for the undissociable 
ature of the complex Co(N0 3 ) 8 (NH n ) a . The metal cobalt 
lay be regarded as having three electrons associated with it ; 
i other words, metallic cobalt is really cobalt tri-clectnde. In 
ic ionic condition it has parted with its electrons. A glance 
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at the schemes given above shows that w the hexammmo- 
complex, however, the cobalt has not got three electrons at 
disposal. It has parted with them to the NH., . NO., groups. 
We are thus led to the conclusion that, m the non-iomzable 
compound, the cobalt does not, as in its ordinary salts, part 
with three electrons, but it receives them from the mtro- 
groups. Why the presence of some one substituting element 
or group in a compound should influence the position into 
which a second substituting element or group shall enter, it 
is difficult to see. Possibly an explanation is to be found 
in the varying electronic affinity exhibited by radicles already 
occupying a position m a compound. 

Friend's Theory 

Friend 1 distinguishes three kinds of valency. 

1. Free negative valency. 

Since hydrogen is electropositive and monovalent, only 
those elements which possess a negative valence can combine 
with it. As Ramsay has pointed out, this is equivalent to 
saying that only those elements which are capable of receiving 
electrons can form hydrides. It is interesting to note that 
no duly authenticated compounds are on record containing 
hydrogen attached to one atom of any other element in two or 
more proportions. Thus, whilst hydrogen phosphide, PEL,, and 
methane, CH^ are easily prepared, the radicles phosphomum, 
PH 4 , and methyl, CH 8) have resisted all attempts at isolation. 

As we have seen m an eailier chapter, there is evidence 
to show that ammonium, NH^ can exist as an amalgam with 
mercury ; but it is not possible to prepare it m the free state. 
In the case of all the non-metals, therefore, hydrides may be 
regarded as trustworthy guides to the numerical value of the 
free negative valencies of the element in other words, to 
the number of electrons with which that element can combine. 

2. Free positive valency. 

In addition to negative, some elements possess positive 
valency, that is to say, they are also able to part with electrons. 

1 Fuend, Trans. Chan. Sac., 1908, 93, 260. 
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Such elements may be termed ampfiotenc x Others apparently 
possess only positive or only negative valency. 

The numerical value of the positive valency is not so easily 
determined as that of the negative, since we have no negative 
element corresponding with hydrogen, which combines with 
one atom of any other element in only one proportion. 
Abegg adopts the suggestion of Mendele'eff, 2 and assumes that 
the highest oxygen compounds, omitting peroxides, give the 
maximal valency of the elements Not only is this method 
somewhat uncertain owing to the divalent nature of oxygen, 
but it is inconsistent. The valency of manganese, for ex- 
ample, is decided by a much higher and more unstable oxide 
than the peroxide, namely the heptoxide, Mna0 7 Friend 
therefore suggests that fluorine is the most suitable element 
for determining the maximum positive valency of the elements. 

Martin ' has already drawn attention to the similarity of 
oxygen and fluorine, and the latter possesses the decided 
advantage of being monovalent. 

Chlorine, fluorine, and oxygen are the only elements which 
possess free negative but no free positive valencies. Metals 
apparently possess free positive valencies alone. A list of all 
the amphoteric elements, together with their fluorides and 
hydrides, is given in the adjoining table The fact that in the 
majority of cases the sum of the free valencies is eight is 
very remarkable. Some chemists assume that every element 
possesses eight valencies. 4 It is difficult to believe, however, 
that such is true in the case of hydrogen, the inert gases, and 
the alkali metals to take extreme examples. Although no 
fluoride of nitrogen has hitherto been discovered, yet nitrogen 
is regarded as amphoteric on account of the stability of its 
oxides and oxyfluorides. 

1 Abegg, Zeit, imorg. Client., 1904, 39, 340. 
J MemleldefT, Oslwald's Alassiter, 88, 48. 
J Martin, C/tem. News, 1904, 89, 49 

4 Abegg, Ztit. atiorjf. C/iern , 1904, 39, 340 ; Morozoff, J. JRivs. Phys. 
C/tem Sui. t 1906, 8B, li 481 
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TABLE OF AMPHOTERIC ELEMENTS. 



Element 



Antimony 

Arsenic . 

Boron 

Bromine 

Carbon 

Iodine 

Nitrogen 

Phosphorus 

Selenium 

Silicon 

Sulphur 

Tellurium 



Hydride 



SbH 3 

AsH 3 

BH 3 

BrH 

CH 4 

IH 

NH 3 

PH 3 

Seli a 

SiH 4 

SH 3 

TeH a 



Free 

negative Fluoride 
vnlencj 



Sb*Y 

AsPY 

BF 3 3 

BrF, 

CF," 

IV 

NOF' 

SelY 
SiF 4 
SF e 
Tcl'Y 



Krw. 

pOSUWL 

valency 



Total 

fixe 

valency. 



3. Residual or latent valency 

By latent valency Friend understands positive and negative 
valencies, which differ from the above-mentioned free valencies 
in that they can only be called out in pairs of equal and opposite sigfi. 

In Ramsay's phraseology, this is equivalent to saying that 
when an element exerts its latent valency, it simultaneously 
parts with, and receives, an electron. Consequently the sum- 
total of the electrons remains the same, and the electro- 
chemical properties of the atom are unaltered In this respect 
the latent valencies resemble the neutfal affinities of Spiegel, 
and the electrical double valencies of Arrhenms. The molecule 
of hydrogen may therefore be represented as 

niiz+H or H; 

1 Ruff and Plato, Ber , 1904, 87, 673 

Ruff and Graf, Ber , 1906, 39, 67. 

3 Gay Lussac and Thenord, Ana. C/iitn Pfiys., 1809, 69i 204. 

* Prideaux, Proc. Chem Soc , 1905, 21, 240 

5 Moissan, Compt rend , 1890, 110, 276 and 951. 
8 Gore, Chem News, 1871, 24, 291. 

7 Ruff and Stauber, Zett anotg. Chem., 1905, 47, 190. 

8 Thorpe, Annalen, 1876, 182, 201. 

Pndeaux, Trans. Chem. Soc, 1906, 89, 316. 

10 Gay Lussac and Thcnard, Gilbert's Annalen, 1809, 38, i. 

11 Moissan and Lebeau, Compt. rend., 1900, 180, 865. 
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which latter scheme the arrows indicate the directions in 
tuch the electrons pass. In order to distinguish between 
se and latent valencies, it is suggested that the former be 
presented by thicker lines, as in hydroxylanime (below). 

is not necessary for all the fiee valencies to be saturated 
;fore the latent valencies are called out In a molecule of 
'drogen, for example, no free valencies are saturated., and in 
'droxylamine 



H 



r Q negative valencies remain un saturated. That is, in the 
rmer case, each hydrogen atom is still capable of parting 
ith an electron, and in the latter case, the nitrogen is open to 
ceive two electrons In the metallic hydrides combination 
presumably effected by latent valencies, for example 
otassium hydnde 

K=H- 

We may assume that the addition and removal of electrons 
ke place at definite points on a spherical surface repre- 
nting the atom. Consequently, when an atom exerts its 
tent valencieSj it parts with an electron from one pomt, and 
nultaneously receives another from a second point. The 
tivity of the latent valencies depends upon the distance S 
i'lg. 5) through which the electrons have to travel, and this 
determined by two factors 

i. The radius of the atomic sphere. 

Let r be the radius of the sphere, and 6 the angle subtended 
its centre by the arc between the points of electronic activity. 
nee two spheres can only meet at one point, 8 varies with 
e size of the atoms. If these are equal, and is small and 
oistant, 8 will also be comparatively small, and the two atoms 
11 be strongly attracted. This is true for the molecules of 
:ygen, hydrogen, etc., which are very stable. 

If the temperature is raised, in the cose of heavy atomSj 
e increased momentum, caused by the more rapid motion, 
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may suffice to separate them, and the molecules will thus 
become monatomic. Iodine furnishes us with a good example 
of this. 

If 6 approximates to 60, 8 can only be made very small 
by introducing three atoms into the molecule. On the other 
hand, the weight of the molecule has now been increased, and 
this is conducive to instability. Oxygen is a case in point. 
Its diatomic molecule is very stable, but ozone is readily 
decomposed on warming. 

If two atoms of different sizes are brought together, 8 may 
be large, even though 6 remain constant. The resulting com- 
pound will be then unstable In this way an explanation may 




FIG. 5. 

be found for the fact that, though the atoms of hydrogen in 
the molecule H a are firmly bound together, yet when bound 
by latent valencies to the larger atoms of the metals, the 
combination is weak. 

2. The angle 6. 

6 probably vanes for different elements. As 6 increases, 8 
increases, and the stability of the diatomic molecules decreases. 
This probably explains why the metals are almost exclusively 
monatomic in the vaporous condition. In the case of the inert 
gases which possess no free valency, 6 probably approximates 
to 180, and diatomic molecules would thus be very unstable. 
As S can only be made smaller by increasing the number of 
atoms in the molecule, a procedure which would render the 
latter unstable by reason of their weight, the molecules remain 
monatomic. 
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Metals 

The study of the valency of the melals generally has proved 
very puzzling In the vapour state they are chiefly monatomic, 1 
nevertheless many alloys are known in the liquid and solid 
state. It is clear, therefore, that their latent valencies are weak. 
This is supported still further by the researches of Ramsay and 
of Tammann, the latter of whom has drawn attention to the 
fact that nearly all metals consist of monatomic molecules in 
mercurial solutions, even at temperatures as low as 40 C.' J 

Tammann further points out that the valencies of the 
metals, as exhibited in their alloys, do not agree with those 
exhibited in their salts. Out of one hundred alloys, the 
formulse of only twenty-six agreed with the ordinary valencies 
attnbuted to the metals, and this agreement he regards as 
largely due to accident. 

This is well illustrated, to select a recent example, by the 
work of Gwyer J This investigator employed Tammann's method 
of thermal analysis, controlled by microscopic observations, and 
was able to demonstrate the existence of the following com- 
pounds: CuAlfl, CuAl, Cu 3 Alj NiAl a , NiAl J} NiAl; CojAlu,, 
CojAl fl , CoAl Scores of other investigations illustrate the 
same fact, but it is superfluous to record them here. 

According to Fnend's theory, however, this is precisely 
what we might expect, for in the salts the metals are combined 
by means of their free valencies, but in the alloys, usually by 
their latent valencies only. 

In the paper already referred to, Tammann states that the 
alloys of antimony are exceptional, as these exhibit valencies 
corresponding most closely with those usually attributed to the 
metal. This is easy to understand, for, as we have already seen, 
antimony is an amphoteric element. Hence when combining 
with melals it behaves as a non-metal by exerting its free 

1 Wortenberg, Zeit aiiotg C/iet/t., 1907, 08, 560 , sets also Kurbatoff, 
J Auss. Phys. Chem Soe., 1907, 39, 1181 and 1216 , and others. 

3 Kamsay, Trans. Chem. Soc , 1889, 55, 521 , Taroumnn, Zeit. anorg. 
CAetn., 1907, 55, 289. 

3 Gwyer, Zeit. attorg. CAetti., 1908, 57, 153. 
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negative valencies, and the metals are thus attached to il by 
their free positive valencies, and not by their Intent v.ilennes. 
From the above it will be clear that a metal u>:ij be 
denned as an element which possesses, in adthlnm ff AI/M/ 
valencies^ free positive valencies only', 01, in Ramsay's phrase- 
ology, a metal is an element which has no ^teat affinity /</ 
electrons. 



Since all endeavours to obtain oxides of iluoiinu have proved 
unavailing, it is assumed that fluorine possesses no free positive 
valencies. Brauner ' assumed that Us remarkable t IiciMic.il 
activity was due to its molecules being monalomic. M oissan," 
therefore, re-determined the density of fluorine, using Renault's 
method. As the mean of four determinations, he obtained the 
value 1*31, instead of the theoretical 1*316, which is bul'lieu-nlly 
near to make Brauner's assumption inadmissible. 

Fnend suggests that the activity of fluorine is due to 
its monovalent nature, and the entire absence of froo 
positive valencies. This explains the analogy between 
oxygen and fluorine, to which Martin ' has called attention. 

Nitrogen 

The study of the valency of nitiogen is one of particular 
interest, for the number of inorganic and organic bodies, of 
which this element is a constituent, is exceeding great. 

Although Ruff and Geisel ' showed thai no fluoride nf 
nitrogen was capable of existing under ordinary conditions, 
yet the stability of its oxides and oxyiluorides shmv.s that 
nitrogen possesses free positive valencies. What the numeric al 
value of these valencies may be, is loss easy to determine, but 
the author regards them as three in number. 

In ammonia, NH.,, the thiee negative valencies of ni(r<if{un 
are saturated. It is clear that a fourth cannot be r.jllwl 

1 Urnuner, Z?it. attotff. C/ifw., 1X94, 7, 12. 
1 Muissan, Comft. rend, t 1904, 188, 7aS. 
8 Martin, Ghent. News, 1904, 80, 4^. 
4 Ruff and Geisd, JSer. t 1903, 36, 2077. 
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out, unless it is accompanied by an equal positive valence. 
This explains why all attempts to isolate ammonium have 
proved futile, for the only possible way in which it could be 
formed is by the fourth atom of hydrogen attaching itself to 
the nitrogen by means of latent valencies. Thus . 

H 3 =N=H 

If, however, the positive latent valence can be saturated by 
a fifth atom of an electronegative element, the problem is 
solved. For example, ammonium chloride may be represented 
by the formula 



When we remember the ease with which ammonium 
chlonde dissociates, and the great stability of hydrochloric 
acid, it seems highly probable that, when this latter substance 
and ammonia first come into contact, the compound 

H B =N=C1 H 

is formed, which then undergoes rearrangement, until equili- 
brium is reached between the two tautomers. This lends 
support to Cain's formula, namely H 3 N . C1H. 1 An ex- 
planation is thus forthcoming for the fact that, although 
perfectly dry ammonia and hydrochloric acid will not unite, 
combination readily takes place if a trace of benzene vapour 
is added. The last-named substance simply serves to 
bnng the molecules together, an ionising body, such as water, 
not being necessary. 

The oxides of nitrogen form a very interesting study from 
the point of view of valency. The remarkable inertness of 
the nitrogen molecule is probably due to the fact that the 
three positive valencies of one atom are completely saturated 
by the three negative valencies of the other. Thus : 

NjEEEN 

1 Cain, Mem, Manchester Phil. Sac., 1904, 48, xiv. 
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It will be observed that nitrogen is the only gaseous 
element in which such combination is possible, for it is the only 
one which has an equal number of free positive and negative 
valencies. We have already mentioned that the free positive 
valencies of nitrogen cannot be called out when one, two, 01 
three of its free negative valencies are saturated, and vice versa. 
Consequently, in the molecule of nitrogen, neither atom is 
capable of exerting its free valencies until the triple link has 
been ruptured. This would evidently be more difficult to 
accomplish than the separation of atoms joined merely by 
latent valencies, as in case of the hydrogen molecule, for 
example. The inert nature of the nitrogen molecule is there- 
fore a property to be expected, rather than otherwise. When, 
however, the molecule has once been ruptured, we might 
expect nitrogen, on account of its amphotenc nature, to be 
capable of forming a large number of compounds, and our 
expectations are realized The rupture of the molecule may 
be effected by passing a stream of electric sparks through a 
mixture of nitrogen and oxygen gases. Nitric oxide, NO, is 
one of the products. This is a remarkable gas, for it is most 
probably the only example of tetravaleiit nitrogen Its formula is 



That the two latent valencies of nitrogen saturate the two 
of oxygen is clear from the fact that the molecules of nitric 
oxide remain single at temperatures as low as 100 C. 
Were the case otheiwise, association to double molecules 
would be caused either by the activity of the oxygen, or by 
that of the nitrogen. Thus : 

N=0=O=N. or 0=N=N=0 

When, however, a molecule of oxygen is brought into 
contact with several of nitric oxide, the unsaturated nature of 
the latter is shown by the immediate production of nitrogen 
peroxide, to which the formula 

O=nN-O N==O 
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may be given. That the molecule of oxygen has been rup- 
tured and not merely added as a whole to the nitric oxide is 
proved by the fact that when heated, nitrogen peroxide dis- 
sociates, not into nitnc oxide and oxygen at once, but first 
into single molecules of N0 2 . 

In an earlier chapter we have seen that the directions in 
which the valencies of the trivalent nitrogen atom act, very 
probably lie in one plane. If the atom is regarded as spherical, 
the three electrons may be assumed to he at equal distances 
from one another on the cucumference of a great circle of the 
sphere. When the latent valencies are called out whereby 
the nitrogen behaves as a pentavalent atom, rearrangement takes 
place The four elections constituting the four negative 




FIG 6. 

valencies will lie on the circumference of a great circle at 
equal distances from one another. The fifth, a positive valence, 
is caused by the escape of an electron from either one of the 
two poles of the sphere (Fig. 6). 

Complex salts 

As we have already seen in an earlier chapter, 1 two com- 
pounds are known having the composition PtCli(NH 8 ) 2 . Neither 
isomer shows any appreciable dissociation in aqueous solution. 
According to Friend, 3 the chlorine and ammonia form a shell 
round the metal in the way indicated by Werner. They are, 

1 See Chapter XVIII 

* FjnemJ, 7VJ, Chfm. Sof. t 1908, 98, ipp6, 
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however, joined together by latent valencies, but art* not 
necessarily attached to the metal itself. Tims, tin- humul.i 
becomes 1 



X! 



Whilst possessing none of the disadvantages of the formula 1 of 
Werner and Spiegel, this scheme affords ;i n-.idy explanation 
for the fact that dissociation cannot take place without the 
destruction of the complex 

If, now, the four chlorine atoms in the rin^ arc n'phi rtl by 
ammonia, the complex [Pl(NHj),,]Cl a is obtained. Acrortlini* 
to Werner, the six NH 3 groups are attarhufl directly to tin 
platinum, and constitute the firbt /one. The dissui'i.ibk 
chlorine atoms hover around the nucleus in an indHwitf 
manner, and constitute the second or outui /our. 

Spiegel has not given a formula for thih body. Hriggs 
assumes that every element has two kinds of affinity, .nut 
suggests the formula : 

''Cl C\ 
HjN- ^Pt/.NHj 

.ci %'z q 

in which the unbroken lines represent the positive affinities of 
the platinum, and the dotted lines, the negative affiniticH, Hy 
removing a molecule of ammonia, and saturating the negative 

1 For ilie stike of clearness the atoms ure here, mid in the HULcrniiuc 
schemes, repiesouted ns lying in one plane. Tl in easy to we (hat if u 
second pair of Intent valencies it, called out from utieli nlmn in ihc rlnj-, 
spatial configuration is obtained. 

2 Bngfis, Pftv. Cheat. Soc. t 1908, 84, 94; y'ratu. ('fata. X* , 1908, 
98, 1564 
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affinity of the platinum thus liberated by the free positive 
affinity of one of the chlorine atoms, we obtain the formula 

tt" 
Cl % , Cl 

HjN-Pt-NH, 
Cl 



According to Friend, the former complex is icpresented 
by the scheme 

Cl. 



NH b 
Cl Pt Cl 



NH 8 \ 



Cl 

m which the platinum retains its tetravalent nature. The 
dissociabihty of the chlorine atoms is due, theiefore, to their 
being attached to the platinum atom, but not being included in the 
shell. It is easy to see, by this arrangement, that the complex 
[Pt(NH 3 ) 6 ] will form an ion, for the platinum atom will be 
unable to escape from the hexatomic nitrogen shell surrounding 

it. The formula for the complex [ Pt^^SF^'Jcij will thus be 
Cl 



NH 3 
Cl -Ft Cl 



H, I NH 3 
^ 



in which one chlorine atom lias been included in the shell. 
Consequently only three chlorine atoms are dissociable. 

In potassium platinichloride, K.jPtCl , we have a typical 
example of a second class of complex salts, namely that in 
T.P.C. M 
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which the simple ions are positive, and are directly attached to 
the shell, and not to the metallic atom. Thus . 

K 

I 



I 

K 

By working along lines similar to these, it is easy to construct 
suitable formulae for all the complexes which have as yet been 
discovered. 

It is interesting to observe that inorganic compounds may 
thus be grouped into two classes, namely, those which contain 
hexatomic shells and those which do not; whereas organic 
compounds are classified according as they possess he\atomic 
rings or not. 



XX 

THE PHYSICAL CAUSE AND NATURE OF VALENCY 

EXCEPT in Chapter XIX. we have hitherto generally made the 
tacit assumption that atoms possess a definite attractive foice 
called valency, and have based on this the study of chemical 
combination. This is really all that concerns the chemist, for 
researches into the nature of the physical cause and nature of 
valency belong, properly speaking, to the physicist 

In order to deal fully with all the various theories which 
have been proposed from tune to time, it would be necessary 
to consider the different views which have been advanced with 
regard to the nature of the atom, and far more space would be 
required than we have al our disposal here. We must there- 
fore be satisfied by giving a rough outline of one or two of 
the more important theories, other than those based ou 
electrical considerations which have been fully dealt with in 
the previous chapter. 

Ensrud's Theory 

According to Ensrud, 1 an atom consists of a shell of small 
density enclosing a nucleus of great density. Between the 
nuclei of different atoms attractive forces exist ; between then 
envelopes, however, the forces are repellent. The nucleus is 
supposed to be excentric, and the smallest distance between 
the nuclei of two atoms is the direction in which the valency 
acts. If an atom has several nuclei, the valency may act m 
several directions , m other words, the atom is polyvalent, the 

1 Ensrud, Zett. fkys C/tet,, 1907, 58, 257, 
163 
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maximum valency being determined by the number of nuclei 
within the shell 

Le Bas 1 has found that valency may be connected with 
the amount of energy in the molecule, and illustrates this view 
with the aid of the heats of combustion of the hydrocarbons. 
It is pointed out that 

The molecular heats of combustion of the hydrocarbons are pro- 
portional to their valency numbers. 

Isidor Traube a points out that a constant is obtained by 
dividing Bruhl's values for the molecular refractions of several 
homologous series of saturated carbon compounds by the total 
number of valencies present in the molecule. This constant is 
termed the refraction stere. Abnormal values are obtained 
for compounds, such as methyl alcohol, which readily associate. 
Compounds with an equal number of valencies, for example 
propyl alcohol and propionic acid, exhibit the same molecular 
refraction This, therefore, affords a method of determining 
the valency of an element in certain of its compounds. It 
is interesting to note that oxygen exhibits, according to 
this theory, a valency of two, except in certain associated 
liquids, when it appears to be tetravalent. 

The Theory of Barlow and Pope 

In a series of very interesting papers, Sollas J has greatly 
extended our knowledge of the intimate structure of crystals. 
The volume of space appropriated by an atom is regarded as 
having the form of a solid of revolution, and very generally of 
a sphere. Within this space a repulsive force exists which 
preserves it from invasion by other atoms. Outside it, a 
pressure or force of attraction drives the atoms as close 
together as possible without causing mterpenetration. Chemical 
combination, therefore, occurs when equilibrium is obtained 
between atoms of different elements. Attention is drawn to a 

1 Le Bas, Proe. CAetn. Soe , 1907, 23, 134. 
3 Traube, Ber., 1907, 40, 734, 723, and 130. 

3 W J Sollas, Proc. Roy. Soc , 1898, 63, 270 ; 1902, 69, 294; 1908, 
80, A, 267. 



PHYSICAL CAUSE AND NATURE OF VALENCY 165 

number of observations illustrating the crystallogrnphic con- 
nections between bodies of similar chemical composition. 
Thus, crystals belonging to the cubic system are characterized 
by cubical cleavage, when composed of diatomic molecules, as 
for example, potassium and sodium chlorides, KC1 and NaCl. 
Triatomic molecules, such as calcium fluoride, CaF 2 , possess 
octahedral cleavage. 

By following along somewhat similar lines to these, Barlow 
and Pope 1 have been led to suggest a new theory of valency. 
The atom is conceived of as occupying a definite portion 
of space, and exerting an influence uniformly in every direction 
Since a molecule is usually made up of a number of atoms, it 
obtains its shape from the way in which the latter are arranged. 
A crystal is defined as " the homogeneous structure derived by 
the symmetrical arrangement in space of an indefinitely large 
number of spheres of atomic influence." 

The authors agree with Sollas in assuming that, in an 
assemblage of atoms, the stability of the molecule is maintained 
by each atom being subjected to two opposing forces, one of 
attraction towards the other atoms, and one of repulsion. 
When these two forces exactly counteract one another, the 
atoms remain relatively at rest. The repellent force is 
attributed to the kinetic energy of the atoms, and the attractive 
force is regarded as akin to gravity. 

It will be clear that, if a molecule is so treated, that a 
portion of it is replaced by another element in such a way 
that the new assemblage retains the same general arrangement 
of parts, the total solid volume of the substituting and sub- 
stituted spheres must be almost the same. For example, by 
substitution of one atom of chlorine for one of hydrogen in 
acetic acid, a similar body to the latter is obtained, namely 
monochloracetic acid. Hence the volume of the sphere of 
influence of the chlorine atom must be nearly the same as that 
of the hydrogen atom. 

Again, in triphenylamine, (C a H 8 )jN, three atoms of 
hydrogen have been removed from three molecules of benzene, 

1 Burlowtind Pope, Tians C/tew. Sae., 1906,89, 1675; I 97 W> 
1150; 1908, 93, 1528. 
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namely one from each, and their place has been filled by one 
atom of nitrogen. Hence the volume of the sphere of influence 
of the nitrogen atom must be very nearly three times that of 
the hydrogen atom We thus see that valency u directly 
proportional to the volumes of the sphete of atomic influence* 
But this proportionality, though close, is not absolutely pcifect, 
for the following reasons 

i It appears that the spheres of atomic influence of the 
various equivalent elements are not quite equal. 

2. The volume ratios of the spheres of influence of different 
elements are somewhat altered by change of condition, as, foi 
example, rise of temperature. 

3. The spheres of atomic influence frequently change in 
magnitude in passing from one compound to anothei . 

From the above it will be clear that the volume occupied 
by a molecule is approximately the sum of the valencies of the 
constituent atoms This is termed the valency volume, \\, 
and involves the assumption that the spheres of atomic in- 
fluence fill space without interstices. Consider an assemblage 
of spheres. It will be evident that several single spheres 
similarly environed, or several groups of two 01 more spheres, 
may be removed homogeneously from this assemblage, so as 
to leave a residual mass of spheres, homogeneous but no 
longer close-packed The cavities which have been thus 
produced may now be filled by a new set of spheres. If the 
latter possess practically the same volume as those which have 
been removed, it will clearly be unnecessary to " remarshal " 
the unremoved spheres, and the new assemblage will have 
approximately the same configuration as the old. We thus 
have a theoretical explanation of the Law of Isomorphism 
discovered empirically by Mitscherlich ; ' for by replacing in a 
compound an atom of one element by an atom of another 
belonging to the same group in the Periodic Clarification, 
me resulting compound is isomorphous with the original one. 
The close connection between isomorphism and valency is 
m this way, made apparent. 
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It is concluded that, m any vertical column of the Periodic 
Classification of the elements, the magnitudes of the spheres of 
atomic influence change but slowly, and in the same direction 
as the column is descended. The difference between any two 
adjacent atoms in the same group will therefore be small. In 
passing from one vertical column to the next, the general 
magnitude of the spheres changes to such an extent as to 
amount to a change of valency. The close morphotropic 
relationships observed by Zirngiebl 1 between benzoic and 
benzene sulphonic acids, namely 

q,H ri .COOH and G.H,, . SO..OH, , 
and between sulpho-acetic and methiomc acids, 



and CH, 



are particularly interesting, in that they show that a carbon 
atom of valency volume four, is replaceable by a sulphur and 
an oxygen atom. Since the valency of the latter is two, we are 
thus led to the assumption that sulphur in sulphonic acid is 
essentially divalent. 

It is well known that the numerical values of the valencies 
of those elements which exhibit variable valency usually differ 
by two, or multiples of two units. Thus gold is mono- and 
tri-valent. Nitrogen and phosphorus are tri- and penta-valent. 
Sulphur is di-, tetra-, and hexa-valent So long as the old 
ideas prevailed, that the atoms were provided with hooks and 
eyes, which represented their valencies, a physical interpretation 
of the above was clear. But the demolition of these crude 
notions has rendered the explanation of multivalency more 
difficult. 

The suggestion of Barlow and Pope is, to say the least, very 
ingenious. Imagine an assemblage of close-packed spheres, and 
let one of these spheres have a valency volume m. If this is 
removed, and into the cavity thus produced a sphere of volume 

1 Zirngiebl, Zeit, Kryst. Min., 1902, 36, 117. 
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m + i is pushed, it will he clear lh.it .1 .second sphere, oi 
valency volume i, must simultaneously be introduced mtu tin- 
enveloping shell of atoms, if the close-packing ih to be resiort d 
without remarshalhng. This is obviously equivalent In the. 
insertion of an atom of valency i in the space already occupied 
by an atom of valency m t and the filling of the ;iap tlniN pio- 
duced in the enveloping shell by thu insertion of a second 
atom of valency i. The atom of valency m will thus function 
as an atom of valency tit + 2. Similarly, by pushing two 
atoms of valency i, or, what comes to the same thing, an alum 
of valency 2, into the space already filled by an atom of 
valency m, either two atoms of valency t, or one of valent y j, 
must be inserted into the enveloping shell. Consequently the 
atom originally exhibiting a valency M, now functions as an 
atom of valency m + 4. Sulphur is a case in point. 

It has already been pointed out, however, th.it nil atoms 
exhibiting the same valency have not exactly the .same vali ney 
volumes. For example, as any vertical column in the Teiiodu 
Classification is descended, a blight change in volume is ex- 
hibited, although it is not sufficient to change the raluuy by 
a. whole unit. If, therefore, atoms of valency-volume exattly 
equal x to unity are combined with other atoms of valency- 
volume intermediate between two whole members, it is ele.ir 
that various assemblages may be formed, in which the mimheis 
of monovalent atoms attached to one of the polyvalent atoms 
will not always differ by two. Molybdenum is a good example 

Mod* Mod,, and MoCl n , respectively, are known? "' '* ' 

Sufficient has now been said to illustrate the scorn- of the 
more important theories which do not regard valency ns an 
electrical phenomenon. There is an insurmountable objection, 
however, which can be urged against them all, and that i s thJ 
fact that the most stable compounds are formed by the 
of elements of ""* ~i -- * 



of .1 . i ' .- 

of like alectacaj character either do not combine at all, or 

only with dxfficulty It wouldseem, therefore, that the sol i , 
of the valency problem is to be sought for in the realm of 
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electricity. There can be little doubt, however, that other 
forces, such as gravity, etc , exert a disturbing action, and thus 
tend to greatly complicate the whole subject But let not 
the investigator be discouraged Every new fact, thought, 
and theory, even though wide of the mark, must ultimately 
further the interests of science and of truth 
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Acetic anhydride, loo 
Acetylene, 43 
Acidopentammmes, 125 
Alkali metals, melting and boiling 

points of, 29 

, oxidation of, 101 

, salts of, 58, 59 

, valency of, see Chaptei 

IX 

Alum, Werner's formula, 128 
Aluminium, alkyls, 69 

, halogen salts of, 70 

, valency of, 69, 71 

Amalgam, ammonium, 83 
Ammino-derivatives, 121 et <seq. 

1 Bnggs' formulae for, 160 

, classification^, 124 

, Friend's formulae for, 159 

, Ramsay's formulae for, 148 

Ammonium amalgam, 83 

chloride, Abegg's formula for, 

144 

, Cam's formula for, 157 

, dissociation of, 81 

, Friend's formula for, 157 

, Kekuld's formula for, 17 

, Werner's formula for, 

8 3 I2 . 
cyanate, isomeric with urea, 8 

hydroxide, Cain's formula for, 

101 

organic salts, 10, 85 

platmic chloride derivatives, 86 

sulphate, Cain's formula for, 

101 

Amphotenc elements, 1 8, 151 
Antimony, chlorides of, 91 

, organic derivatives of, 92 

, pentafluonde, 91 

, tetravalent, 92 



Argon, elementary natuie of, 31 

, diatomic, 32, 33 

, inert nature or, 56 

, liquefaction of, 32 

, Periodic Law and, 31 

, ratio of specific heats of, 32, 33 

, spectrum, 32 

, valency of, 56, 57 

Arsenic, alkyl chlorides of, 91 

, mtnde, 91 

, pentafluonde, 91 

, trichloride, 90 

, valency of, 90 

Association, Abegg's explanation 

of, 144 
of molecules of water type, 

98, 99 

of phenols, 99 

Atomic theory, 2 
Auric salts, 62 
Aorous salts, 62 
Autoxidation, 100 



B 



Barium, 67 

Benzene, KekuM's formula for, 42 

, Thiele's formula for, 53 

Benzoyl radicle, 8 
Beryllium, 25 ; see Glucmum 
Bismuth, divalent, 94 

, non-existence of pentachlonde 

of 93 

organic derivatives of, 92 

oxides of, 93, 94 

salts of, 93, 94 

tnvalent, 92 

Bismuthous dichlonde, 94 
Boron, organic derivatives of, 69 

, pentavalent, 69 

Bromine, monovolent, 113 
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e, potassium bromide solu- 
of, 59 
Lifluoride, 92, 113 



1 compounds, 9 

im, divalent, 65 

xides of, 65, 66 

i iodides, 60 

n, 67 

1, 66 

1 chloride, 45 

i, configuration of atom of, 

D 

livulent, 42, 43, 44 

'quivalence of valencies of, 

ie\avalent, 44 
etrafluonde, 41 
etravalent, 42, 43, 44, 54 
L monoxide, absorption by 
DUS chloride, 102, 103 
, equivalence of unsatur- 
valencies of, 45 
i, position in Periodic Table, 

le, monovalent, in 

ion-existence of fluoride of, 92 

ocides of, 112 

ic acid, 109 

nhydnde, 108 

iilonde, 107 

, formula of, 108 

mm, hexavalcnt, 108 

3-xides of, 108 

stereo-isomeribin of salts of, 

etravalent, 108 

jifluoride, 109 

oua chloride, 107 

, formula of, 1 08 

yl fluoride, 109 

, Periodic Law and, 33 

ralency of, 117 

istlon, Lavoisier's Laws of, I 

ex valency, 98 

i-valency, 143 

Linate number, 123 

soles, 137 

ssalt, 127 

)-valency, 98 

1, definition of, 165 

llographic analogies, 165 



Cupric chloride in solution, 128 
sulphate an exception to 

Werner's rule, 128 
Cuprous chloride, 18, 60, 61, 102, 

103 
, molecular weight in 

solution, 6 1 

, vapour density of, 60, 6 1 

Cyanogen, 8 



D 



Di-acetylene dicaiboxyhc acids, 41 

Di-acidotctrammmes, 125 

Dimethylpyrone, 95 

Dimyricyl, 40 

Dissociable zone, 123 

Dualistic Theory of JJerzehus, 6, 133 



E 



Electrical double valencies, 146, 152 

Electro-chemical activity and va- 
lency, 135 

theories of combination, 6 ; see 

Chapter XIX 

Electrolytic decomposition of water, 

deposition of gold, 5 

Electrons, 136 

Energy content and valency, 19 

Erdmann's salt, 126 



F 



Ferric chloride, vapour density of, 

116 
Ferrous chloride, 18 

, vapour density of, n6 

First zone, 123 
Fluorboracetone, 44 
Fluondeb, table of, 152 
Fluorine, 45, in 

, activity of, 156 

Free positive valency, 150 
negative valency, 150 



Gallium, chlorides of, 71 
Germanium, salts of, 76 
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Glucinuui, a mixture of two ele- 
ments, 27 

, atomic weight of, 25 

- , derivatives of, 25, 27 

, position in Periodic Table, 25 

, specific heat of, 25, 26 

, vapour density of chloride of, 

26 

Gnommm, 34 
Gold, 62 
Gngmard's reagent, 63, 79 



H 



Halogens, boiling points of, 29 

, melting points of, 29 

, valency of, see Chapter XVI 

Helium, JJ7 
Hexammmes, 124 
Hydrates, Weiner's theory of, 128 
Hydrofluoboric acid, 69 
Hydrofluogennanic acid, 76 
Hydrofluoric acid, 59, 1 1 1 
Hydrofluosilicic acid, 74 
Hydrogen, boiling point of, 29 
, melting point of, 29 

, occlusion by palladium, 118 

, position in Periodic Table, 27 

, valency of, 27 

peroxide, formula of, 100 

Ilydroxylammc, 153 
Hypochlorous aud, 112 



Indium, chlorides of, 72 

Inert gases, position in Periodic 

Table, 31 
, valency of, see Chapter 

Iodine, combination with halogen 

hydrides, 114 

, organic derivatives of, 113 

, pentafluonde, 92, 113 

, position in Periodic Table, 34 

, potassium iodide solutions of, 

59 

Indium, chlorides of, 118 
, non-existence of monoxide of, 

118 

, oxides of, 118 

Isomerism and valency, 129 
Isoners, 8 



Isomorphism, 34, 35, 6r, 64, 78, 109 
and valency, 166 



Latent valency, 152 
Lead, divalent, 78 

, isomorplusni of salts of, 78 

, organic, derivatives of, 78 

, oxides of, 79 

, salts of, 78 



M 



Magnesium, divalency of, 63 

, organic derivatives of, 63, 64 

Manganese, valency of, 115 
Marsh gas, 41 

l yP e ".39 

Maximum valency, iS 
Mercuric chloride, 77 
Mercurous chloride, vapour density 
of, 66 * y 

Mercury, 66 

, divalent, 67 

, uionovalent, 67 

, organic derivatives of, 63, 67 

Metals, definition of, 156 

, valency of, 155 

Methane, 41 

Methyl amyl kelone, 45 

ether. 95 

lododichlonde, 45, 114, 139 

Mixed types, 1 1 

Molecular heat and valency, 164 

refraction and valency, 164 

Molybdenum, chlorides of, 109, 168 

; hexafluonde, no 

Mucomc add, 51 



N 



Neodymium, 31 

Neutral affinities, 145, 152 

Nickel, divalent, 117 

, position in Periodic Table, 33 

, tetracarbonyl, 117 

Nitnc oxide, 18, 44, 82, 158 
Nitrogen, configuration of atoms of, 

87, 88, 159 
, non-existence of fluorides of, 

ISL 156 
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Nitrogen, optically tictive deriva- 
tives of, 84 
, tetnivalcnt, 84 

, valency of, 156, sec Chanter 

XIII 

Nitromethane, 46 

Normal valencies, 143 



O 



Occlusion of hydrogen by palla- 
dium, 118 

Octa\es, Newland's Law of, 23 

Osmium, valency of, 117 

Oxomum salts, 96, 98 

Oxygen, analogous compounds of 
mtiogen and, 102 

, analogy with fluorine, 151 

-, hexavalent, 96 

in organic esters, 100 

, residual valencies of, 99, 106 

-, tetravalent, 41, 43, 45, 95 

Ozone, formula of, 100 

-, instability of, 154 



Palladium, derivatives of, 118 

-, occlusion of hydrogen by, 118 

I'unLacidomonammmci, 126 

Periodic Law, 23 

- , exceptions to, sea Chapter 

, valency and, see Chapter 

IV 
, Thomson's Theory and, 

H3 

Table, 24 

Peioxylamme sulphonic acid, 82 
Phenols, association of, 99 
Phosphorus, chlorides of, 17, 89 
, optically active derivatives of, 

90 

, organic derivatives of, 89 

, pentafluoride, 89 

Physical cause of valency, 163 ft 

sty 

Platimc diammmes, 126 
Platinum, chlorides of, ir8 

, oxides of, 118 

Porphyrexide, 83 
Potassium, valency of, 9 
Praseodymium, 31 



R 



Radicles, attractive force 
by, 12 

- , benzoyl, 8 

- , defined, 9 

- , Kolbe'i Theoiy ol, 8 

- , - Older Theory of, 13 
Residual valency of oxygen, 99 lo5 
--- zinc, 64, 65 
Residues, Gerhard t's Theory of, 10 
Rubidium, salts of, 59, 60 
Ruthenium, valency of, 117, 



S 



Second zune, 123 

Selenium, inorganic derivatives <HI 

34 

, isomorphism of salts of, 34 

, organic, derivatives of, 107 

Silicon, optically active deiivulivcs 

of, 75, 

, valency of, 74 

Silver, action of light on t,hloirulu 

of, 61 

cyanate and fulminate, S 

tellundo ore, 37 

, valency of, 61, 62 

Sodium, derivatives of, 58 

peroxide, 52, 101 

Stannuus chlunac, 77 
Stionlium, valency of, 67 
Substitution, Dumns' Laws til, 9 

, Lauren t'h theory of, IO 

Sulphur, compounds with muiciuic 

iodide, 105 

, divalent, 167 

, equivalence of three vuleiu'ics 

of, 103 

, hexavalent, 104 

, inorganic derivatives tf, 34, 

103 

, organic derivatives of, 103 

trioxide, 106, 128 

Symbols, Dullon's, 3 



Telluric add, salts of, 34, 35 
Tellurium, a mixture, 35 

, atomic weight of, 37 

> organic derivatives of, 107 
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Tellurium, position in I'cuoclit 
Table, 34 

, preparation from ore, 36 

, spectrum of, 36 

Tetracidodinmmmes, 126 
Thallium, tautomerism of iodide 

of, 73 

, subvulent, 73 

, valency of, 72 

Thorium, valency of, 79 

Tin, equivalence of valencies of, 77 

, inorganic salts of, 77 

, optically active derivatives of, 

77 
Titanium, he\avalent, 76 

, lelravalent, 75 

Tri-acidoLruunmmes, 125 
Triads, Doebeieiner'b, 21 
Tungsten, hexavalenl, HO 
Type, marsh gas, II, 39 
Types, Gerhardt's Theory of, 10 

, theory of, 10, 15 

, mixed, II 



U 

Undissociable /one, 123 
Urea, synthesis by Wuhler, 8 



V.ilency, Abcgg's Theory of, 143 

, Arrhcnius' Theory of, 145 

, Lai low and Pope's Theory of, 

164 
, Crum Brown's Hypothesis, 

133 
, Davy 'i Theory of, 131 



V.ilem'j, I'li'Lliiiehiiiiii it uiiivii 
tind, 131; 

, eld truehtMiiitnl tliiuiu , ul 
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1'iit'ij;/ urn (nil und, 1 1) 
I'.nsiud', 'lliturj. ut, 103 
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ITK nd's '1 liiury ut, 150 
K.I Unit's Theoi) ut 
ib 17 
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IV 

Kai's.iy'h Theory uf, 140 
Spi '^il's Tlicuiy nl, 145 
Tlueh-'s Thuiiiy ut, 51 
Tliunisiiu's Theory uf, i jo. 
Vnn't Holt's 'lliiury cif vm- 

al k-, u; 

\.iri.iljihty of, id 

W(.'fner'b Theory ul. s,, I'lmii- 

ter XVIII 

- isouierisiii, 127 

- volume, ififi 

W 
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- erysl.iIluiUion, 100 
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-- , sulijhitlu of, exLUjilion hi 
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